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5.  IMPULSIVE  PHASE  OF  SOLAR  1'I.ARES 


Shurud  K.  Kane:  C.  ).  Cranncll,  D.  D.ulowe.  U.  1  eldm.in.  A.  Gabriel,  II.  S.  Hudson, 
M.  R.  Kundii,  C.  Mat/lei,  t).  Neidig,  V.  IVtrosi.m.  .md  N.  R.  blurley,  )r. 


5.1  IN  I  RODUC I  ION 


The  impulsive  phase  of  a  solar  flare  is  characterized  by  short  duration  (10  1000  s) 
bursts  of  impulsive  hard  X-ray,  extreme  ultraviolet  (LUV),  optical,  and  radio 
emission.  A  large  part  of  the  work  on  the  impulsive  phase  has  so  far  been  concen¬ 
trated  on  establishing  quantitatively  the  interrelationships  among  the  various 
emissions,  the  temporal  evolution  of  these  relationships,  and  modeling  of  the 
emission  sources.  Because  of  the  limited  temporal  and  spatial  resolution  of  most 
of  the  past  observations,  only  an  approximate,  average  description  of  the  impulsive 
phase  has  been  achieved.  It  is  dear,  however,  that  in  spite  of  its  short  duration, 
energetically  the  impulsive  phase  is  probably  the  most  important  phase  of  a 
solar  flare. 

During  the  past  decade,  perhaps  the  most  significant  advance  in  the  under¬ 
standing  of  solar  flares  came  from  studies  of  energetic  particles,  especially  electrons. 
These  particles,  which  were  previously  considered  as  only  one  of  the  many 
secondary  effects  in  solar  flares,  have  been  found  to  play  a  central  role  in  the  flare 
energetics.  This  is  particularly  true  for  the  impulsive  phase,  where  most  of  the 
released  energy  seems  to  appear  initially  in  the  form  of  eneigetic  electrons  which 
directly  or  indirectly  provide  the  necessary  energy  to  other  flare  phenomena.  T  lie 
impulsive  phase  has  thus  assumed  a  new  significance  and  is  expected  to  provide 
major  clues  to  the  nature  of  particle  acceleration  processes  and  therefore  to  the 
basic  flare  mechanisms. 

This  review  of  our  present  understanding  of  the  impulsive  phase  begins  with  a 
brief  background  and  an  identification  of  the  key  questions  related  to  this 
phenomenon.  These  are  lollowcd  by  an  analysis  of  thcvaiious  impulsive  emissions 
jnd  the  models  proposed  to  explain  their  origin.  Finally,  we  consider  the  role  of 
ihc  impulsive  phase  in  the  overall  flare  process  and  suggest  future  observational 
and  theoretical  studies  which  will  bring  us  closer  to  an  understanding  of  solar  flares. 


5.2  BACKGROUND,  KEY  QUESTIONS,  AND  APPROACH 
A  solar  flare,  in  general,  produces  3  variety  of  electromagnetic  and  particle 
radiations.  An  example  is  shown  in  Figure  5.1.  The  t inf-intensity  profile  of  the 
observed  radiation  depends  on  a  number  of  factors.  Some  of  these  factors  arc: 
/.  Type  of  radiation  (electromagnetic,  particle) 

2.  Spectiul  chaiacteiistics  (frequency  or  energy,  line  oi  continuum) 


IS*  I  Mi’ll  1  SIVI  PIIASI  (II  MIIAKIIAKIS 

Spatial  u'Miluliun  ill  tin*  .■istiunieiit.ilioii 
•/.  Magnitude  ul  the  ll.ti c 
5  Location  ul  the  I  laic  nil  the  miI.ii  disk 
6.  1 1  .it  o  aUivitv  preceding  the  llaie  being  observed. 

In  addition,  theie  is  an  apparently  landom  variation  in  several  less-known  factors 
(e.g.,  magnetic  lielil  topology)  hum  one  llaie  to  mother.  In  spite  of  these  vaiiations, 
the  gross  icatuics  ol  the  lime-intensity  piolile  ol  a  sul.it  llaie  can  he  divided  into 
tines'  piincip.il  phases,  vi/.  peiuiisoi  phase,  impiilsise  phase,  and  gradual  phase 
(si  I  ij*.  I  ol  Kane,  197-la). 

In  this  shapter,  we  are  ptim.it ily  conteined  with  the  impulsive  phase.  The 
principal  chaiacteristics  of  this  phase  have  been  ievic\ved  extensively  (if.  Kundu, 

1 965:  Kane,  197-la).  The  impulsive  phase  lasts  lm  about  10  to  a  lew  hundred 
seconds,  depending  un  the  magnitude  ol  the  flare,  and  is  iharacteri/ed  by  the  most 
tapid  variations  in  the  radiation  flux  during  me  lilelime  of  the  flare.  Thcvaiialions, 
aie  most  piomincnt  at  hard  X-ray .  l.UV,  and  some  optical  and  radio  wavelengths. 
The  piodiiction  of  hard  X-rays  and  impulsive  radio  emissions,  such  as  microwave 
and  Type  Hi  radio  hoists,  indicate  the  presence  ol  energetic  (about  10  to  a  few 
bundled  keV)  elections  in  the  Hate  legion.  Such  eneigetic  electrons  have  also  been 
observed  in  intei planetary  space  following  solar  Hares.  When  the  propagation  delay 
fiom  the  sun  to  the  point  of  obseivation  is  taken  into  account,  the  observations 
of  these  elections  indicate  that  they  .tie  t pleased  dining  the  impulsive  phase  of  the 
llaie  (Arnolds  cl  til.,  19(>8;  l.in,  1970:  l.m  and  I  Itidson,  1971).  On  the  other  hand, 
the  measurements  o!  the  Hate  7-1  ay  emission  ((.bopp  cl  ul.,  1975;  Talon  el  ul., 
1975)  and  interplanetary  solar  protons  indicate  that  energetic  protons  are  probably 
ptodoced  alter  the  impulsive  phase  (llai  and  Kamaty,  197b).  Thus, acreleialion  of 
"  10  to  a  levs  bundled  keV  elections,  rather  than  high-energy  protons,  is  the  most 
ch.uactciislic  leatuieol  the  impulsive  phase. 

When  the  total  kinetic  energy  ol  the  energetic  electrons  in  the  flare  region  is 
estimated  fiom  the  hard  X-tay  observations,  it  is  Inuiul  that  the  electron  energy 
may  he  compatahle  to  the  total  enetgy  released  doting  the  impulsive  phase.  I  here- 
loie.  the  impulsive  phase  represents  a  process  in  which  a  large  liaclion  ol  the  total 
energy  released  dining  a  flare  appeals  in  the  form  ol  energetic  electrons.  The  exact 
value  of  this  fiaction.  also  called  ''acceleration  efficiency,”  depends  on  the  assumed 
model  of  the  haul  X-ray  source  and  is  therefore  not  known  at  the  present  time.  The 
,ic c delation  elliiiency  probably  varies  from  one  llaie  to  another.  In  some  flares  it 
seems  to  reach  a  value  as  high  as  about  100%. 

The  distribution  of  energetic  electrons  and  their  total  energy  are  deduced  from 
the  hard  X-ray  observations.  The  exact  relationship  between  the  hard  X-ray 
spectrum  entitled  by  the  soutie  and  the  electron  spectrum  which  generates  the 
X-rays  depends  on  the  details  ol  the  model.  Assuming  bremsslrahlung  as  the 
radiation  pmcess.  two  extreme  situations  could  occur,  vi/.,  "thick-target"  and 
"thin-target”  biemsstrahlung.  Also,  the  electron  spectrum  could  he  "thermal" 
or  "nonthciniai."  A  thick-target  model  and/01  a  thermal  electron  spectrum  places, 
in  general,  a  lower  energy  and  number  requirement  on  lhc  electrons.  Accurate 
measurement  and  intei prciaiion  ol  the  hard  X-ray  emission  arc  therefore  vital  for 
an  understanding  of  the  Hate  energetics  as  well  as  the  basic  physical  processes 
governing  par  tide  acceleration  in  solar  Hares. 


RELATIVE  COUNTING  RATE(  I03 COUNTs/sEC)  RELATIVE  FLUX 


V*  "  "  '  UV  „  w,/,f  f/(A  fm„ 

'  '  "“"md  "/  "■ .’««.« r/.  //,,  /„,r, pllusc  u.a 

7**  *»««■  #«»„*  ,  avJZ 

mvluT,u7  ■ fln:  rr"'"  ««  « 

/  "(  t  n.-vmlmn  (SI  II)  an  innmpli, ri\  Wlrif  (Kane,  cl  j|.  /ijy.vj. 


7 


Accession  For 

KTIS  GkA&I 
DUG  TAB  □ 

Ir-announced  □ 

|  Justification _ 

i - - - — - 

By - 

Distribution/ 
Availability  Codes 

jAvaii~and/or 

Dist  Special 


190  IMI’ULSIVI.  I'llASI.  Ol  SOLAR  I  LARI  S 

lii  this  duplet,  we  consider  tlu*  following  key  questions  icgauling  Ihe  impulsive 
phase - 

/.  Is  the  disltihuliun  ol  energetic  elections  lhcmi.i!  01  nnn-ihciiii.il? 

2.  Do  the  energetic  particles  (electrons),  poulticed  (luring  the  impulsive  phase, 
pi  ovule  the  eneigy  lot  the  whole  I l.tie> 

j.  Among  the  models  of  the  impulsive  phase  suggested  so  far,  which  ones  are 
most  consistent  with  observations? 

In  ordei  to  answer  the  above  key  questions,  it  is  necessary  to  know  the  spectrum 
of  the  energetic  electrons  and  their  total  energy  cc,  as  well  as  the  total  energy  c, 
radiated  by  the  flare  region  dining  the  impulsive  phase.  Ihe  energy  (tc~  er)  avail¬ 
able  foi  the  remainder  of  the  flare  can  then  be  evaluated.  It  is  also  necessary  to 
know  the  spectral  energy  disliihution  ol  tlu-  impulsive  radiation  and  its  temporal 
and  spatial  variation  to  test  the  validity  of  tlu*  impulsive-phase  models.  Specifically, 
our  approach  to  obtain  the  answeis  to  the  three  key  questions  consists  of  the 
following: 

1 .  G ideal  review  of  the  impulsive  haul  X-ray  and  microwave  hurst  observations 
and  their  interpretation  in  terms  of  the  distribution  of  energetic  electrons. 

2.  Review  of  die  observations  of  the  impulsive  l;UV  and  optical  radiations, 
which  give  a  lower  limit  for  the  total  energy  released  during  the  impulsive 
phase. 

j.  Analysis  of  the  measurements  made  doting  the  Sky  lab  observation  period, 
patlicularly  those  in  which  soft  X-ray  and  l.UV  images  were  obtained  with 
relatively  high  time  resolution  at  or  near  the  time  of  the  impulsive  phase. 

•I.  (.valuation  of  the  models  proposed  so  lar  for  the  impulsive  phase  in  light 
of  the  above  review  and  analysis. 

In  the  ptocess  of  finding  answers  to  the  key  questions,  we  hope  to  learn  what 
Inline  obscivations  and  thcoietica!  studies  ate  most  likely  to  lead  to  a  more 
complete  understanding  of  the  solar  flare  phenomena. 


5.3  HARD  X-RAY  l.MISSION 

Ihe  initial  obscivations  of  impulsive  hard  X-ray  hursts  by  Peterson  and  Wincklcr 
(1959).  Anderson  and  Wincklcr  (1962)  and  otheis,  were  followed  by  a  sequence  of 
satellite  experiments  with  better  time  and  energy  resolution,  resulting  in  obser¬ 
vations  of  many  hundreds  of  events.  Table  5.1  lists  the  impoitanl  experiments  and 
their  instrumental  parameters.  The  observational  characteristics  of  the  impulsive 
hard  X-ray  emission  include  its  time  variability,  spectral  distribution,  polari/ation, 
directionality,  and  location  of  emission.  However,  ai  this  time  adequate  obser¬ 
vations  of  only  the  first  two  of  these  categories  are  available.  We  will  therefore 
confine  our  discussion  primarily  to  the  following  three  observational  characteristics: 
(?)  true  spectral  distribution;  (2)  time  variation  of  the  spccjrum  during  a  flare; 
and  (.»’)  oigani/ation  of  the  impulsive  hard  X-iay  bursts  into  distinguishable  classes. 
Clcatly.  the  observations  with  highest  available  time  resolution  (about  1  s)  arc  to  be 
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emphasized.  Mot  cover,  it  is  important  to  note  that  the  interpretation  of  the 
observations  depends,  in  general,  on  the  detailed  characteristics  of  the  hard  X-ray 
source,  including  the  assumed  X-ray  emission  mechanisms,  source  structure,  and 
propagation  conditions.  These  aspects  of  the  interpretation  will  be  discussed  in 
Section  5.8. 

5.3’./.  Spec  tram 

l:\amples  of  hard  X-ray  spectra  at  the  peak  of  impulsive  emission  are  shown  in 
I  ig.  5.2.  The  spectra  fall  off  steeply  above  about  10  kcV  and  can  be  charactcri/cd 
by  a  power-law  fit  (~ ( hv)~"r  photons  cm'2  s"1  keV'1)  over  10  -80  kcV  range,  with 
7  >  2.5.  Thirs,  there  is  an  upper  limit  to  the  hardness  of  the  impulsive  X-ray 
spectrum  and,  hence,  that  of  the  electron  spectrum  in  the  X-ray  source  (Kane, 
1971).  It  has  also  become  clear  that  a  second  phase  of  yun/tiul  hard  X-ray  emission 
occurs  during  major  flares  (Frost  and  Dennis,  1971;  Hoyng  ct  ol.,  1976;  Hudson, 
197S).  Hoyng  ct  at.  (1976)  describe  these  events  as  “extended  bursts.”  We  do  not 
have  sufficient  observations  to  prove  the  existence  m  this  second  type  of  solar 
hard  X-ray  emission  strictly  from  some  distribution  in  parameter  space,  but  the 
characteristics  of  the  limited  group  (~  5  flares)  of  gradual  hard  X-ray  bursts  seem 
to  distinguish  them  clearly  enough.  We  discuss  only  the  impulsive  bursts  here. 

The  spectrometers  used  to  date  (Table  5.1)  have  not  had  sufficient  spectral 
resolution  to  describe  the  X-ray  spectrum  in  much  detail.  For  most  analyses  this 
has  forced  the  adoption  of  simple  two-parameter  fits  (power  law  or  exponential, 
nominally  corresponding  to  nonlhcrma!  and  thermal  bremsstrahlung,  respectively). 
Going  beyond  this  simple  spectral  modeling,  most  of  the  impulsive-phase  spectra 
measured  later  than  OSO-3  (Hudson  ct  at.,  1969)  show  a  steepening  with  increasing 
energy  as  compared  to  a  single  power  law  (Frost,  1969;  Kane  and  Anderson,  1970; 
I  rust  and  Dennis,  1971;  Hoyng  ct  ul„  1976.  F.lcan,  1978).  The  steepening  may 
result  in  a  better  two-parameter  fit  to  an  exponential  law,  as  can  be  seen  from 
Fig.  5.3.  The  spectra  may  also  have  further  complexity,  but  the  data  probably  do 
not  have  high  enough  quality  to  resolve  it. 

It  is  important  to  have  a  statistical  description  of  hard  X-ray  occurrence  in 
flares.  Given  power -law  spectral  fits  of  the  form  /  -  A  J0  (lu»/20)'1r  photons 
(cm2  skeV)'1 ,  where  /lj0  is  the  photon  flux  at  20  keV.  we  need  to  know  the 
exact  distributions  of  spectral  index  7  and  flux  /120  at  the  maxima  of  different 
X-ray  bursts  and  also  their  cross-correlation,  for  a  set  of  well-observed  flares. 
Unfortunately,  the  instruments  used  for  observations  to  date  have  not  given  uni¬ 
formly  good  coverage  of  the  (7,  /13„)  parameter  space.  Furthermore,  differing 
energy  resolution,  the  coupling  of  parameters  in  this  nonlinear  fitting,  and  other 
systematic  effects  make  intercomparison  of  different  experiments  difficult.  Still 
worse,  the  extreme  dynamic  range  in  the  hard  X-ray  flux  presented  by  the  sun  has 
made  different  instruments  sensitive  to  almost  mutually  exclusive  domains  of 
parameter  space. 

For  X-ray  measurements  with  about  10-s  time  resolution,  the  most  complete 
statistical  analysis  has  come  from  the  OSO-7  data  (Datlowc,  1975;  Datlowc  ct  a!., 
197-1,  1979).  These  data  show,  for  hard  X-ray  bursts  associated  mainly  with  sub¬ 
flares,  that  2<y<7  for  the  spectra  at  peak  flux  (123  events),  with  a  median 
7  =  4.0.  Little  correlation  existed  between  /lj0.  the  peak  flux  at  20  kcV,  and  7 
over  the  OSO-7  dynamic  range.  A  similar  result  was  reported  earlier  by  Kane 


Fig.  5.3  Power-law  (~Vl)  and  thermal  spectral  fits  to  an  impulsive  hard  X-ray  burst  observed  with  the  050-7  satellite.  The  power-law  fit  (k n) 
reaulres  ya  2.16  in  10-43  keV  range  and  y  a  4.05  in  43-300  keV  range.  A  thermal  fit  (tighlfean  be  obtained  with  a  single  temperature  >.T  »  36.5 
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(1974b)  loi  the  OC.O-5  measurements,  which  bail  a  higher  lime  resolution  but 
smaller  dynamic  tuitge.  However,  a  lew  large  events,  such  as  tbc  August  1972 
(laics,  observed  with  TD-1A  (I  loyng  ft  til..  197b)  slimv  appreciably  harder  spectra. 

A  tbeimal  interpretation  of  the  bard  X-ray  spectrum  gives  5  <kl  <60kcV, 
with  "emission  measure”  in  the  range  of  1044-  104S  cm'1  (Crannell  ft  at.,  1978; 
l.lcan,  1978).  The  weak  dependence  ol  y  on  the  intensity  of  a  Hare  implies  that 
the  peak  temperature  of  a  thermal  hard  X  ray  buist  does  not  depend  strongly  upon 
lota!  tlare energy. 

A  power-law  spectral  fit  implicitly  contains  a  third  parameter,  a  low-energy 
cutolf  that  prevents  the  total  energy  from  diverging.  If  the  power  law  docs  fit 
better  than  the  exponential  law,  soft  X-ray  measurements  must  determine  this 
cutoff  energy.  Lven  without  the  presence  of  the  very  intense  soft  X-ray  component, 
the  cutoff  energy  represents  a  real  challenge  to  the  experimentalist:  a  perfectly 
sharp  cutoff  in  the  electron  spectrum  at  /.  0  results  in  only  a  gradual  roll-off  in  the 
bremsstrahlung  spectrum  at  lower  energies. 

Kahler  and  Krcplin  (1971)  reported  nonthcrmal  emission  at  liv  *-  3  kcV  from 
OGO-5  observations.  This  conclusion  rests  more  on  the  time  profiles  than  on  the 
spectral  evidence  and  should  therefore  be  repeated  with  better  spectral  resolution. 
Peterson  et  at.  (1973)  showed  a  Spectrum  with  a  power  law  extending  downward 
to  5  kcV;  however,  this  burst  did  not  show  any  impulsive  emission  at  ~  5  kcV  and 
seemed  to  be  uniqu*'  among  ~  400  hard  X-ray  bursts  detected  by  OSO-7. 

Direct  X-ray  measurements  probably  cannot  adequately  define  a  low-energy 
cutoff  without  much  higher  spectral  resolution,  temporal  resolution,  and  dynamic 
range.  Good  spatial  resolution  would  help  enormously  in  reducing  the  soft  X-ray 
background  against  which  we  measure  the  impulsive-phase  hard  X-ray  spectrum. 

5.3.2.  time  lunation 

The  hard  X-ray  emission  may  fluctuate  rapidly  during  the  impulsive  phase.  An 
example  is  shown  in  fig.  5.4.  Anderson  and  Mahoney’  (1974)  and  Hurley  and 
Dupral  (1977)  observed  c-folding  times  of  about  1.0  s  at  an  effective  energy  of 
about  40  keV,  somewhat  shorter  times  than  those  reported  by  Kane  and  Anderson 
(1970).  frost  (1969)  and  Crannell  el  ul.  (197S)  found  unresolved  events  at  l.Ss 
time  resolution.  The  properties  of  "elementary  flare  hursts,”  which  represent 
short-lived  buists  in  a  large  flare  (Van  Beck  ft  a!..  1974:  dc  lager  and  dc  Jongc, 
197S)  are  not  inconsistent  with  these  observations.  I  ut  titer  progress  requires  a 
thorough  statistical  analysis  of  high  time-resolution  observations. 

Quasi-periodic  structures  with  periods  of  about  30  s  have  been  observed  in  some 
multispikcd  X-ray  bursts  (Parks  and  Wincklcr,  1969;  frost,  1969).  Petrosian  (in 
collaboration  with  B.  Lippa)  has  analyzed  multispikcd  X-ray  bursts  observed  with 
OSO-5.  Strict  periodicities  do  not  exist,  but  quasi-periodic  modulations  have  been 
found  for  a  majority  of  the  bursts  analyzed.  Periods  ranging  from  20  to  190 
seconds,  with  the  majority  in  the  range  of  30  to  50  seconds,  have  been  found 
(Lippa,  197S). 

The  multispikcd  X-ray  bursts  may  be  considered  as  a  superposition  of  several 
single-spiked  events  representing  the  basic  units  of  energy  release  in  flares  (Crannell 
ft  at.,  197S;  de  lager  and  dc  Jonge,  1978).  However,  characteristics  of  these  basic 
units,  such  as  rise  and  decay  times,  arc  not  well  known  because  of  the  limited  time 
resolution  of  presently  available  observations. 


IMI'IU  MVI.  I'll  AM  Ul  SOI  AU  I  I  AKI  S 


PUyxic.il  imeipietation  of  ihe  haul  X-iay  emission  iet|tiiics  a  detei  initiation  not 
only  of  tile  time  scales  of  intensity  variations,  but  also  of  the  spectral  evolution 
timing  a  hoist.  An  example  of  smh  a  spectial  evolution  is  shown  in  I  ig,  5.5.  Kane,, 
aiul  Aiuleison  (1970)  louml  a  ihaiaiteiistic  soll-luid-solt  evolution  to  cluuactcii/c 
their  events,  mostly  short-dotation  emission  spikes  accompanying  small  flares, 
these  events  had  fast-rise,  slow-decay  pioliles.  I.kan  (1978)  found  similar  patterns 
with  10-s  time  lesolotion.  Occasionally,  a  time  dispersion,  with  hardei  X  iays 
peaking  latei,  has  been  lepoited  (Is.ii  and  Rainaty,  1979).  I  loyng  cl  ul.  (19/6) 

I  omul  no  vle.uly  identiliable  tieiul  m  some  ol  the  ll.ues  they  obseived  li.iwevei. 
they  and  Hen/  (1977)  did  liml  that  the  soil-haul  soli  pattern  holds  lot  each  spike 
hoist  of  the  multispiked  llaies  of  -t  and  7  August  1972.  (  lannell  cl  ul.  (1978),  in 
a  senes  ol  mostly  shoiiei -dilution  events  with  simple  time  pioliles,  found  a  rise- 
decay  time  symmetry  with  a  solt-haid-soft  pattern.  Iluis.  a  solt-haid-soft  evolution 
of  the  haul  X-i.p  speenum  seems  to  be  a  ihaiaiteiistu  le.iiiue  ol  the  impulsive 
phase. 

5. (  /owes  ol  .\-l\iiy  /  hue s 

Ihe  time  sanations  and  spec  It  a  of  X-iav  hoists  dining  the  impulsive  phase  do  not 
peinut  oigam/alion  into  subclasses.  Ilowevei,  the  piesence  m  absence  of  the 
impulsive  phase  itself  can  be  used  to  classify  Hares.  I  oi  example,  the  hard/soft 
tatio  of  peak  tluxes  at  20  keV  and  5  keV  mav  be  used  to  cliai.icten u  the 
"magnitude'*  ol  the  impulsive  phase  ol  a  given  llaic.  We  can  conceive  of  gradual 
Hates  with  vutually  no  impulsive  phase.  Although  the  OSO-7  observations  do 
not  seem  to  show  a  distinct  subclass  ol  iheim.il  only  events  on  the  basis  of  the 
hard/solt  ratio  (Dallowe  cl  ul..  1979),  olhei  obseivations  (Kane,  1909,  197-la; 
Kane  and  Amici  son,  1978)  do  indicate  the  existence  of  gtadual  flares  with 
essentially  no  detectable  impulsive  phase. 


5.3.1.  I’oliii  i/alioil  and  Dine  Ini  tv 

Ihe  pnncipal  polaii/ation  meastiieinenls  ol  "  15  keV  X-iay  s  have  been  carried  out 
In  the  Inteicoxmos  set ies  ol  satellites  and  the  OSO-7  satellite.  OSO-7  observations 
(N.tkada  cl  ul.,  197-1)  were  examined  lot  a  numbei  of  events,  primarily  during 
August  1972.  Because  of  intercalihiation  moblems  between  detectois,  their  results 
aie  not  cettain,  hut  the  most  piobable  value  lot  the  polaii/ation  is  less  than  about 
lO'.e.  Intetcosmos  7  obseived  polaii/ation  ol  the  same  older  in  the  flare  of  d  August 
1972  (liiulo  cl  ul.,  1973).  Mmc  recent  obseivations  In  SOLRAl)  (l)oschek,  private 
communication)  and  ImeiCcnmos  11  (liiulo  cl  ul .  I97f>),  which  were  rotating 
devices  to  temove  inlet  Calibration  problems,  were  hampered  by  a  lack  of  intense 
X-iay  events  during  solar  minimum.  Ihe  Intetcosmos  1 1  experiment  saw  not  more 
than  a  lew  pciccnl  polarization  in  a  6  Inly  197-1  event,  hut  this  observation  may 
not  have  covet  eel  the  impulsive  phase. 

Diiectivity  in  the  haul  X-iay  emission  has  been  sought  on  a  statistical  basis  by 
looking  for  cenier-to-limb  variations  in  the  peak  X-ray  llux  or  spectral  hardness 
of  dillercnt  X-ray  bursts.  On  the  assumption  of  a  constant  geometry  from  flare 
tvi  Hate,  one  can  count  the  rate  at  which  events  l.uger  than  a  certain  threshold 
ocelli  as  a  function  ol  location  on  the  sun.  Ohki  (I9t>9),  Pinter  (1969),  and  Phillips 
(1973)  independently  studied  a  set  of  X-ray  hoists  hum  0(‘.0-l  and  OGO-3 
(Arnolds  cl  ul.,  1968).  They  found,  tespeclively.  a  maximum  in  the  center  of  the 
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disk,  a  maximum  at  .10  50°  longitude,  and  no  centei-to-limb  variation  at  all  in  the 
frequency  of  burst  occuricnce.  inconclusive  and  conflicting  results. 

Mote  definitive  center-to-limb  haul  X-ray  studies  have  been  carried  out  by  Kane 
(197-lb)  and  Dal  lower/  al.  (1977).  Datlowe  <7  al.  used  hypothesis-testing  techniques 
to  check  the  significance  of  their  lexultx  and  used  the  soil  X-iay  burst  location  to 
i educe  the  model-dependence.  No  centei-to-limb  vaiiation  was  found  in  either 
study.  Datlowe  cl  al.  (1977)  have  claimed  an  upper  limit  of  40%  for  the  total 
vaiiation  at  95%  confidence  level  and  infened  that  this  ruled  out  strong  streaming 
motions  of  the  X-ray  emitting  electrons. 

Since  hard  X-iay  directivity  is  energy  dependent,  it  could  cause  ccnter-to-limb 
variations  in  the  spectra  of  hard  X-ray  bursts.  Roy  and  Hal  I  owe  (1975)  reported 
that  spectra  were  characteristically  steeper  (softer)  at  the  limb.  To  produce  this 
variation  would  require  very  large  center-to-limb  intensity  variations,  well  beyond 
the  upper  limit  found  by  Datlowe  cl  al.  (1977). 

It  is  important  to  note  that  the  claims  regarding  absence  or  presence  of  directivity 
of  the  hard  X-ray  emission  are  dependent  on  the  assumptions  regarding  the  model 
of  the  hard  X-ray  source  and  adequate  corrections  for  the  low  sensitivity  in  identifi¬ 
cation  of  flares  near  the  limb.  Corrections  for  X-ray  albedo  (licnoux,  1975)  may 
also  be  important.  I  he  present  status  of  the  seaiches  for  polarization  and  directivity 
in  hard  X-ray  buists  is  a  collection  of  null  or  inconclusive  results.  More  sophisticated 
tests  are  required  to  observe  these  phenomena  properly. 


5.4  RADIO  (-MISSION 

The  main  components  of  ladio  emission  during  the  impulsive  phase  arc  the  Type  lit 
bursts  at  meter-  decameter  wavelengths  and  impulsive  continuum  radiation, 
occasionally  with  superposed  fine  sttuclute  at  centimeter-decimeter  wavelengths 
(cf.  Kundu,  1965).  The  Type  111  bursts  are  characterized  by  their  brief  duration 
of  1  or  2  seconds  around  100  MHz  and  a  rapid  drift  at  a  rate  of  about  100  MHz 
per  s  from  high  to  low  frequencies.  The  special  significance  of  Type  111  bursts 
in  relation  to  solai  flares  is  their  occuirence  in  compact  groups  of  intense  bursts 
marking  the  impulsive  phase  (cf.  Kane,  1972a;  Stewart,  1978).  An  example  is 
shown  in  fig.  5.6.  The  Type  111  bursts  are  generally  interpreted  as  due  to  plasma 
radiation  from  10  -100  keV  electrons  suddenly  ejected  in  repeated  bursts  of 
less  than  about  1  s  duration.  The  Type  III  electrons  travel  along  open  field  lines 
(Wild,  1964),  with  typical  velocities  of  about  cl 3,  out  through  the  corona  into  the 
interplanetary  medium,  as  confirmed  by  in  situ  observations  (Lin,  1973).  Frequently 
Type  V  and  Occasionally  Type  "U"  bursts  have  also  been  observed  in  association 
with  simple  impulsive  microwave  events  (Crannell  cl  al..  1978),  although  the  time 
coincidences  were  not  as  good  as  in  the  case  of  simple  Type  III  bursts.  The  obser¬ 
vation  of  such  "U"  bursts  implies  that  in  these  flares  magnetic  field  lines  at  coronal 
levels  above  the  active  region  were  closed. 

A  typical  microwave  impulsive  burst  is  characterized  by  a  rapid  rise  (less  than 
about  30  s)  to  maximum  and  a  slightly  slower  decay  (<  1  minute),  followed  by  a 
post-burst  tail  with  a  few  minutes  duration.  The  radiation  is  continuum  in  nature 
and  is  believed  to  be  due  to  gyrosynchrotron  radiation  of  intermediate  energy 
electrons  (—100  500  keV)  spiralling  in  the  sunspot-associated  magnetic  field  of 
seveial  bundled  gauss.  The  radiation  is  polarized,  10-  40%,  generally  in  the  extra¬ 
ordinary  mode  at  higher  frequencies  (10-4  GHz)  and  in  the  ordinary  mode  al 


h'ig.  5.6  An  example  of  the  occurrence  of  a  l\pc  til  radio  hurst  don't:  a  the  impulsive  phase  of  a  flare.  \otc  the  si ‘nularittcs  between  the  temporal 
structure  of  the  radio  and  X-rav  emissions  (Kane.  19  "51.  it 


lowct  fiequeniies  (1  2  Gil/)  ( I anak.i  .iml  Kakiiiiim.i,  l‘K>2).  Hie  reversal  in  llic 
sense  n(  polarization  arises,  according  to  lakakuia  (l%0),  from  the  fact  that 
then-  ix  a  slurp  decrease  in  the  extraoidin.uv  Hii\  density  at  the  gyrofrequency  _ 
/n  nl  ilieiiii.il  electrons,  while  lowei  frequencies^./ (, )  in  llie  oulinary  mode 
still  escape. 

1  lie  llux-density  spectra  ol  two  microwave  bursts  ate  shown  in  I  ig.  5.7.  "I he 
spectra  of  mini  eentiinctcr  hursts  at  the  peak  ol  the  impulsive  phase  shows  a 
sharp  lise  in  intensity  from  <1  (‘.11/  to  about  5  C.il/  and  then  decrease  more  or  less 
steeply  lowaul  slunt  ccntimetei  and  millimeter  wavelengths  (cf.  Cuidicc  and 
Castelli,  1973).  Sometimes,  the  spectrum  exhibits  a  "theiinal-likc"  behavior  in  the 
sense  that  the  burst  intensity  increases  with  increasing  frequency  until  about 
2  Gl  Iz.  followed  by  a  region  in  which  the  intensity  is  independent  of  frequency. 
However,  the  number  of  impulsive  bursts  having  this  kind  of  spectrum  is  very 
small.  Both  kinds  of  spectra  have  been  interpreted  as  due  to  synchrotron  self- 
absorption  and/or  thermal  gyroiesonance  absorption  (sec,  c.g.,  Takakura,  1972; 
Ramaty  and  Petrosian,  1972). 

There  have  been  abundant  observations  of  impulsive  radio  bursts  at  fixed  fre¬ 
quencies,  but  without  spatial  resolution,  Extensive  interferometric  observations 
with  intermediate  (~.<rcmin)  spatial  resolution  have  been  made  at  Toyokawa 
(cf.  Enomc  and  'lar.Ka,  1973),  hut  high  spat1-'  resolution  has  been  achieved 
only  recently  and  for  limited  periods.  Early  observ.. lions  by  Kundu  (1959)  showed 
that  the  centimeter  burst  source  starts  with  a  si/c  of  slightly  smaller  than  1’arc, 
condenses  into  a  smaller  region  (v.  1  *  arc)  during  the  impulsive  phase,  and  then 
expands  to  a  si/e  of  3‘arc  during  the  post-maximum  decay  phase.  The  burst  is 
polarized  mainly  during  the  impulsive  phase,  the  post-burst  phase  being  essentially 
unpolari/ed.  Recent,  high-resolution  interferometric  observations  by  Hobbs  cl  ol. 
(1973)  and  f  undu  »•/  ul.  (1974)  have  provided  valuable  information  on  the 
existence  of  fi  -e  structure  in  the  burst  sources.  One -dimensional  fan-beam  obser¬ 
vations  with  a  resolution  of  6"  an  at  6  cm  by  Alissarultakis  and  Kundu  (1978) 
have  confirmed  the  polarization  anti  spatial  characteristics  of  microwave  bursts 
on  a  scale  of  several  arc  seconds  and  have  revealed  several  other  interesting  features. 
Hursts  of  intensity  1  to  10  sfu  (10'3:  Vim2  II/'1)  occur  quite  often  near  the 
neutral  line  t>f  the  magnetic  field,  as  determined  by  the  polarization  mapsofG-cm 
■as live  regions  (Kundu  ft  ul.,  1977).  At  the  time  of  maximum,  the  brightness 
temperatures  can  reach  10s  K  and  the  angular  size  is  generally  about  10"  arc,  rr 
less.  After  the  maximum,  the  buist  core  expands  up  to  a  size  of  >  about  l'  arc, 
and  the  brightness  temperature  is  generally  near  10*  K.  At  3.7  cm,  the  burst  source 
often  starts  with  a  precursor  of  4  "  arc,  condenses  to  a  minimum  size  of  2"  arc  at 
the  peak  of  the  burst,  after  which  the  source  expands  to  a  size  of  5"  arr.  or  larger. 

In  a  complex  burst  with  several  maxima,  the  burst  sources  arc  located  at  different 
positions;  this  positional  change  is  similar  to  the  behavior  of  I  la  flares,  which  often 
have  more  than  one  maximum,  each  maximum  corresponding  to  a  small-diamctcr 
"kernel"  (Enomc  and  Tanaka,  1973;  Alissandrakis  and  Kundu.  1975). 

Only  one  sense  of  circular  polarization  over  the  entire  extent  of  the  burst 
sources  (Fig.  5.S)  was  observed  by  Alissandrakis  and  Kundu,  1978.  This  suggests 
that  if  the  burst  was  associated  with  loop  structures,  the  emission  must  have  been 
associated  with  one  leg  of  the  loop.  The  fact  that  no  polarization  is  observed  in 
the  post-burst  phase  implies  that  the  energetic  elections  responsible  for  gyro- 
synchrotion  radiation  during  the  impulsive  phase  must  be  thermalized  in  the 


Fig.  5.7  Tht  flux-density  spectra  of  the  bursts  observed  on  I  and  3  March  1970.  The  values  ot  wavelengths  other  than  9  rrsm  were  token  from 
Geophysical  Data  (Kundu  and  Liu,  1973).  . 
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post-hurst  phase.  The  thcimali/aiion  cl  tin-  n.mtheima!  elections  alone  cannot 
explain  the  (iniuioii  in  the  posl-hurst  phase;  then’  mml  exist  at  the  same  time  a 
larger  number  of  lower  energy  electrons  (cl.  Neupeit,  1*168;  Ihnlson  and  OhLi, 
1972),  which  will  contiHnile  to  the  post-burst  phase  emission.  Ihe  unipolar  nature 
of  the  miciowave  sotucc  could  he  inteipieied  as  evidence  ol  the  existence  of 
asymmeliicat  bipolar  magnetic  fields  in  which  the  accelerated  electrons  are  located 
(Kimdo  and  Vlahos,  I97cS).  Specifically.  the  ..hseivations  surest  that  over  the 
stronsei  pole  (ol  field  strength  near  (>00  g.ius%)  the  elec  lions  lease  large  pitch  angles 
and  tiierelcire  they  radiate  efficiently  at  (»  cm.  whereas  met  the  weaker  pole  (field 
strength  100  200  gauss)  the  electrons  have  smaller  pitch  angles,  so  that  the,- 
either  penetrate  toward  the  chromosphere  where  they  produce  X-rays,  or  radiate 
efficiently  only  at  longer  wavelengths  (about  20  30  cm)  Irecause  <  f  weaker  field 
and  smaller  pitch  angles.  In  the  cases  where  the  magnetic  field  in  the  two  polarities 
is  similar  or  when  the  burst  is  very  strong,  one  should  observe  both  sense  of  polari¬ 
zation  at  one  particular  wavelength,  in  agreement  with  the  observations  of  Enome 
ef  al.  (1969).  ‘ 


5.S  t:UV.  XUV,  AND  SOI  1  X-RAY  EMISSION 

An  example  of  an  impulsive  LUV  burst  was  shown  in  fig.  3.1 . 1  lie  impulsive  phase, 
as  defined  by  the  hard  X-ray  and  microwave  hursts,  is  marked  by  similar  events 
in  the  XUV  and  EUV  radiation  emitted  over  the  temperature  range  of  104  to  10‘  K. 
However,  unlike  the  hard  X-ray  and  microwave  wavelength  regions,  the  10-1000  A 
region  contains  both  line-  and  continuum-emission  components  during  solar  flares. 
Measurements  of  line  emission  provide  a  potentially  powerful  diagnostic  tool  for 
determining  characteristics  such  as  temperature,  emission  measure,  and  density  of 
the  radiating  region.  When  interpreting  line  emission  over  the  EUV/XUV/soft 
X-ray  spectrum,  it  is  important  to  appreciate  that  correlation  of  high  temperature 
with  shorter  wavelength  is  only  approximate.  I  here  arc  several  notable  exceptions 
(c.g.,  both  OVH  21. 6  A  and  Mg  X  62$  A  arc  emitted  at  about  1.5  X  10*  K).  Wc 
shall  therefore  try  to  refer  to  the  emitting  temperature  when  reviewing  obser¬ 
vations.  father  than  designate  only  the  wavelength  band. 

Line  spectra  iclating  to  the  impulsive  phase  have  now  been  observed  with  a 
number  of  instruments.  Sonic  of  the  earliest  data  were  recorded  by  the  AFCRL 
instrument  on  OSO-3,  which  operated  in  the  range  of  270  to  1310A  (Hall  and 
1  licntcrcgger.  1969;  Hall,  1971).  These  included,  in  particular,  a  number  of  chromo¬ 
spheric  and  coronal  lines  covering  the  range  104  to  2.5  X  10’’  K.  The  data  had  good 
lime  resolution  (about  0.16  s),  but  were  spatially  integrated  over  the  entire  disk. 

The  Harvard  experiments  on  OSO-3  and  OSO-5m.ule  some  useful  measurements, 
(Wood  et  ul.,  1972;  Donnelly  et  al.,  1973),  hut  it  is  with  OSO-7  and  Skylab  that 
most  of  the  recent  data  has  been  obtained.  On  OSO-7,  the  Ooddard  instrument 
package  consisted  of  two  filtered  telescopes  covering  120  -100  A  (Neupcrl  cl  al., 
197-1).  'Ihesc  instruments  had  a  spatial  resolution  of  5  arcsec.  On  Skylab,  flares 
were  recorded  by  the  NRL  spccirobcliograph  and  slit  spectrometer,  as  well  as 
the  Haivaul  polychionulot.  In  most  of  these  measurements,  the  impulsive  phase 
of  the  Hate  was  missed  because  of  relatively  poor  time  resolution,  liven  the  obser¬ 
vations  ol  "impulsive”  solar  LUV  bursts  recently  reported  by  Lmslic  and  Noyes 
(I97S)  pt.ibably  relate  to  small-scale,  secondary  hr  ightenings  rather  than  to  flares 
themselves. 
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n>;  Lebedev  Institute  experiment  (C.iiiu-v.i  cl  ul.,  1973)  Ilnwn  on  the  satellite 
Intei cosmos  4  has  recorded  the  finest  spettium  of  the  important  iron  lines  at 
t.‘J  A.  Uotoi tunatelv,  the  limited  operational  llisihilriy  of  the  satellite  led  to  a 
very  small  amount  of  data,  so  that  good  records  are  not  available  during  the 
impulsive  phase. 

Information  on  spatial  distribution  of  the  I.UV  has  been  obtained  Itont  the 
OSO-7  data  (Neupert  ct  ul.,  1974).  Duting  the  impulsive  phase,  the  I.UV  follows 
tire  neutral  Irne  closely,  and  is  somewhat  similar  to  the  I  In  Hare.  Hotter  material 
corresponding  to  le  XXV  1.9  A  appears  to  tome  from  .tithes  overlying  this 
structure.  In  a  slow-rising  flare.  Rust  cl  ul.  (1975)  have  observed  impulsive  EUV 
emission  conlincd  to  the  center  of  an  activated  filament.  The  emission  increased 
again  some  eight  minutes  later  when  the  filament  disrupted.  It  has  been  suggested 
that  this  observation  supports  the  concept  of  the  flare  trigger  arising  from  inter¬ 
action  between  newly  emerging  fins  and  the  twisted-filament  flux. 

Ihe  major  increase  in  the  CUV  emission  seems  to  originate  in  the  upper  chromo¬ 
sphere  and  transition  region  (Hall.  1971).  Ihe  density-dependent  lines  indicate 
an  enhancement  in  density  duting  the  impulsive  phase  (Hall.  1971;  Noyes,  1973). 
Compared  to  the  chromospheric  and  transition-region  lines.  Ho  seems  to  have  a 
slower  rise  and  a  later  peak,  while  coronal  lines  show  a  much  slower  rise,  with 
virtually  no  impulsive  component.  This  is  broadly  consistent  with  the  results 
bom  OSO-7  (Netti  ert  cl  ul.,  1974),  but  Neupert  finds  that  the  impulsive  phase  is 
evident  up  to  temperatures  of  2.3  X  lO*  K  (I  e  XIV).  While  this  is  the  general 
picture,  there  are  also  cases  from  OSO-3  (Neupert.  unpublished)  where  the  soft 
X-ray  maximum  proceeds  the  XUV  maximum.  In  evaluating  this  apparent  discre¬ 
pancy.  however,  it  should  he  icmcmbored  that  OSO-3  data  comes  from  integrated 
dick  radiation,  and  could  be  misleading. 

A  major  dilliiulty  with  the  line  measurements  in  the  past  has  been  their  poor 
time  resolution.  This  was  particularly  true  for  instruments  with  fine  spatial 
resolution  because  of  difficulties  in  recording  the  large  malii.x  of  space  and  time 
points.  "Ihe  conclusions  drawn  horn  these  observations  with  regard  to  the 
impulsive  phase  should  therefore  be  .considered  only  suggestive.  Significant 
improvement  is  expected  from  the  forthcoming  Solat  Maximum  Mission,  which  is 
specifically  designed  for  observing  flares. 

A  ground-based  technique,  exploited  by  Donnelly  (I9I»S,  1973),  relies  on  the 
absorption  of  the  CUV  radiation  by  the  1  aith\  ionosphere  to  produce  sudden 
frequency  deviations  (STD).  It  is  possible  to  reproduce  the  time-history  of  the 
total  emitted  radiation  in  the  10  to  1030  A  range,  although  such  a  technique 
lends  to  favor  stronger  lines  (e.g..  He  I  58-1  and  He  301).  Although  the  measure¬ 
ments  tlo  not  have  any  spatial  resolution,  tltey  do  piovidc  continuous  daytime 
coverage  of  tire  sun  with  a  high  temporal  resolution  (-  I  \).  Consequently,  several 
hundred  I.UV  bursts  have  been  recorded.  The  observed  Central  Meridian 
Dependence  (CMD)  of  the  occurrence  frequency  of  these  hursts,  shown  in  fig.  5.9 
indicates  that  the  impulsive  CUV  emission  originates  in  more  than  one  small  source 
(“kernels")  in  the  flare  region,  some  of  these  sources  being  shallow  and  others 
deeply  embedded  in  the  chromosphere,  as  shown,  for  example,  in  Tig.  5.10b. 
The  nonflaring  solar  atmosphere  outside  the  source,  assumed  to  be  like  the 
upper  chromosphere  {1  O'*  —  1 0s  K),  causes  occuh.iiion  of  individual  CUV 
sources  when  viewed  from  large  angles  and  thus  gives  rise  to  the  observed 
CM!)  dependence. 
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/!•/.  5.  **  CiHM/'ifmo/K  i»/  I/it*  observed  (histoQrams)  Cent  tat  Met  Mian  Distance  (CMD)  depen¬ 
ds  '«•»■  <»/  impuhiix  l.UV  twists  observed  via  St’Os  and  the  espested  CMD  dependence  /solid 
Cutset)  for  embedded  cylindrical-well  LUV  sources  with  ditterent  depth  (6)  to  width  /wj  ratios. 
I.ach  l.ttV  >onrie  is  assumed  to  be  optically  thin ,  und  the  emission  from  the  sides  of  the 
Cvtindritul  nr/7  is  assumed  to  be  neqliqiblc  compared  to  the  emission  from  the  hot  turn  surface. 
Onultjtiun  ol  a  part  of  the  source  area  by  the  surrounding  chromosphere  qiivs  rise  to  the  CMD 
dependence.  A  satisfactory  explanation  of  the  observations  requires  the  present  r  of  two  or 
more  small  I  U V  sources  (’‘kernels  ’)  in  most  impulsiw  tlarcs  (Donnelly  und  Kane r  I07S). 
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5.6  OIM ICAL  (.MISSION 

Tlu*  nptii.tl  components  of  the  impulsive  phase  appeal  In  he  spatially  limited  to  . 
cciuitt  small  points,  or  kernels,  within  the  flare.  A  number  of  authors  within  the 
last  decade  have  drawn  attention  to  these  kernels,  usually  observed  in  Ha,  which 
correspond  approximately  in  time  with  spikes  in  hard  X-iays  and  microwaves 
(de  lager.  1967;  Vorpahl  and  Ziiin.  1970;  Zirin  ci  til..  1971 ;  Vorpahl,  1972,  1973; 
Ziiin,  1 978).  Il  is  important  to  distinguish  between  the  kernel  emissions  and  those 
emissions  associated  with  the  extended  (total  area)  I  In  Hate;  the  latter  show  a 
closet  temporal  relation  with  the  thermal  aspects  nl  the  flare  (e.g.,  Svestka,  1976). 
Apart  horn  their  close  temporal  relation  with  other  impulsive  emissions,  the 
kernels,  according  to  Vorpahl  (1972).  are  also  characterized  by  the  broad  line 
profile  of  I  In  emission. 

I  he  light  curves  for  the  kernels  observed  by  Vorpahl  lagged  the  associated  hard 
X-ray  profiles  by  about  20-  30  s  in  their  onset  and  peak.  Ibis  lag,  however,  was 
not  found  in  the  observations  by  Zirin  (1978);  instead,  the  light  turves  in  1  la  were 
found  to  match  the  X-ray  profiles  to  within  the  experimental  resolution  (±3s) 
during  their  onset  and  rise  to  intensity  maximum.  Thus,  the  temporal  relationship 
between  lln  and  other  impulsive  emissions  is  not  completely  clear  at  the  present 
time. 

Vorpahl's  (1972)  observations  indicated  that  when  pairs  or  multiple  kernels 
occurred,  their  locations  were  near  the  magnetic  inversion  line  and  in  regions  of 
opposite  magnetic  polarity.  Furthermore,  these  regions  were  apparently  connected 
by  common  field  lines,  as  judged  by  fibril  configurations.  Zirin  and  Tanaka  (1973) 
observed  a  number  of  short-lived  (5-10  s)  bright  points  with  the  A3835/\  filter 
(15  A  band)  during  the  flare  of  2  August  1972.  'I  he  filter's  bandpass  contained  the 
119  line,  therefore  it  is  not  dear  whether  these  points  were  continuum  emission  or 
119  line  emission  (Svcstka,  1976).  These  points  occurred  in  pairs  lying  on  opposite 
sides  of  the  inversion  line  and  their  appearance  corresponded  in  time  with 
individual  peaks  in  the  associated  hard  X-ray  burst. 

It  is  important  to  note  that  in  these  observations, an  X-ray  peak,  when  associated 
with  an  optical  counterpart,  had  a  tendency  to  he  keyed  to  the  brightening  of  a 
particular  point,  or  pair  of  points,  and  not  to  a  repeated  brightening  of  the  same 
point,  or  pair  of  points.  This  suggests  that  the  impulsive  phenomenon  may  consist 
of  an  energy  release  which  occurs  only  once  at  a  given  location  within  the  flare. 
A  similar  effect  is  indicated  in  1  lor  (Zirin,  1978)  and  in  the  I'UV  observations 
(Humus  and  Neupert,  1975).  furthermore,  the  spatially-resolved  microwave 
observations  made  by  Enomc  and  Tanaka  (1973)  showed  that  for  several  flares 
the  individual  components  of  the  microwave  burst  occupied  different  sites  within 
the  active  region.  Thus,  even  the  microwave  observations  are  consistent  with  the 
single  occurrence  of  impulsive  emission  at  a  given  location  in  the  flare. 

Itt  addition  to  revealing  a  temporal  relation  between  I  In  and  hard  X-ray 
emission,  Zirin's  (1978)  observations  have  shown  that  the  impulsive  growths  of 
Hr  missions  in  various  distant  sections  of  individual  flares  occur  within  seconds 
of  each  other.  These  neatly  simultaneous  brigluenings  .ue  indicative  of  a  rapidly 
propagating  disturbance  with  speeds  greater  than  5000  km  s"1 . 

White-light  observations  (what  few  there  are)  have  shown  that  the  appearance 
of  the  continuum  emission  knots  in  energetic  flares  corresponds  in  time  to  the 
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impulsive  phase  (see  icvicvv  by  Ssestka,  1976).  In  llu-  well-known  Hare  uf  7  August 
1972,  Rust  ami  Ncgwcf'(1975)  observed  ilie  while-light  intensity  curve  to  follow 
tin*  hard  X-ray  profile  in  considerable  detail.  The  continuous  emission  in  white- 
light  flares  is  located  within  the  brightest  1  la  strands  located  on  each  side  of  the 
magnetic  inversion  line  {cf.  l)e  Masttis  and  Stover.  I%7:  Si»nim  and  Korobova, 
1975};  this  observation  suggests  the  coherent  pictuic  that  the  white-light  llarc 
emission,  like  the  Ho  kernels,  is  a  phenomenon  occulting  at  the  footpoints  of  the 
magnetic  arches  that  span  the  inversion  line. 

Sulficient  spectra!  data  are  not  presently  available  to  determine  the  origin  of 
the-optical  continuum  in  (lares  (see  review  by  Svestka,  l‘>7(>).  It  has  been  suggested 
that  the  emission  is  the  response  to  bombardment  ol  the  photosphere  by  high- 
energy  protons  (if.  Svestka,  1970;  Najila  and  Otr.tll,  1970),  or  of  the  chromo¬ 
sphere  by  electrons  resulting  in  enhanced  recombination  continuum  (cf.  Hudson, 
1973;  Lin  and  Hudson,  1976).  In  either  case,  the  white-light  continuum  seems  to 
have  a  direct  relationship  to  the  high-energy  particle  characteristics  of  the  flare. 
If  the  white-light  emission  is  indeed  an  impulsive-phase  phenomenon  ttecurring 
prior  to  the  second-stage  acceleration,  then  energetic  electrons  ate  probably  the 
primary  source  ol  energy  for  the  white-light  emission. 

An  interesting  spectral  effect  regarding  the  two  ptiniip.il  knock  in  Hares  (lying 
on  opposite  sides  of  the  inversion  line)  is  that  the  kernel  located  in  the  region  of 
nv.rAv/  magnetic  field  strength  seems  to  have  llu-  httqci  I  In  line  width  (Neidig, 
197b).  Ibis  is  consistent  with  a  fl.tie  model  consisting  of  an  asymutelrii.il,  bipolar 
Held  configuration  in  which  elections  preferentially  precipitate  to  chromospheric 
levels  at  the  pole  with  weaker  field  strength;  such  a  model  is  also  consistent  with 
the  high-resolution  microwave  observations  described  in  Section  5.4. 

Model  calculations  have  shown  that  laigc  lluscs  •>!  high-energy  electrons 
penetrating  the  chromosphere  should  result  in  large  I  In  line  widths  (Canfield, 
1974;  Hr  own  »•/  a!..  197S).  Observations  of  the  development  and  decay  ol  the 
llu  line  width  dining  a  flare  might,  thercfoic,  provide  inhumation  on  the  character¬ 
istics  of  penetrating  electrons  duting  the  optical  impulsive  phase.  I  he  available 
observations,  which  typically  have  a  time  resolution  ol  about  1  minute,  follow 
the  gio>s  features  of  the  associated  microwave  bursts  (cf.  Janssens  and  White, 
1970).  Also,  the  peak  Ha  line  width  in  a  H.ue  seems  to  he  related  to  the  peak 
Hum's  in  the  associated  hard  X-ray  and  microwave  bursts  (Neidig,  1978).  Ihc 
occurrence  of  white-light  emission  in  flares  has  been  known  to  be  associated  with 
large  Ho  line  widths  (Slouim  and  Korobova,  1975;  Neidig.  1978).  However, 
quantitative  observations  with  higher  (about  1  s)  time  resolution  arc  essential 
!oi  determining  precisely  how  the  Ha  s'tuission  from  tin*  kernels  is  related  to  the 
development  of  the  impulsive  phase. 


5.7  RELATIONS!  Ill’S  AMONG  X-RAY.  i.UV,  Ol’MCAL,  AND 
RADIO  EMISSIONS 

I  he  characteristics  ol  X-ray,  LUV,  optical,  and  radio  emissions  observed  in  solar 
Hares  depend  on  different  aspects  of  the  Hare  environment.  Taken  together,  they 
provide  complementary  evidence  of  the  role  of  eneigetic  electrons  in  the  Hare 
process.  Average  quantitative  relationships  among  impulsive  hard  X-ray,  i.UV 
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and  microwave  flg\cs  have  been  deduced  from  observation-,  of  a  large  number  of 
flares  (Kane,  1973;  Donnelly  and  Kane,  1978;  Hudson  ct  a!.,  1978),  Simitar 
quantitative  information  about  the  optical  fluxes  is  not  yet  available.  We  will 
therefore  confine  our  discussion  primarily  to  the  role  of  energetic  electrons  in 
exciting  the  hard  X-ray,  EUV,  and  microwave  emissions.  With  regard  to  the  optical 
emission,  we  only  mention  here  that  it,  too.  could  be  excited  indirectly  by  energetic 
electrons,  as  has  been  suggested,  lor  example,  by  /iiin  et  at.  (1971),  Hudson 
(1972).  Browner  at.  {!97S),and  Zirin  (1978). 

While  the  hard  X-ray  and  microwave  emission  is  related  to  the  population  of 
energetic  electrons  inside  the  fiarr  region,  the  Type  III  radio  emission  is  related 
to  the  10-100  keV  electrons  escaping  into  the  corona,  lhc  hard  X-xay,  microwave 
relationship  yields  the  relationship  between  the  X-ray  emitting  electrons  and  the 
electrons  located  in  the  microwave  source,  where  the  magnetic  field  is  expected 
to  be  several  hundred  gauss  and  the  ion  density  is  <  about  lO10  cm*3.  Since  it  is 
the  higher  energy  part  of  the  electron  spectrum  that  contributes  mure  to  the 
microwave  emission,  the  deduced  parameters  arc  characteristic  of  electrons  with 
energy  >  about  100  keV. 

On  the  other  hand,  lhc  hard  X-ray,  l:UV  relationship  relates  lire  X-ray  emitting 
electrons  to  the  energy  deposited  in  the  l.liV  source,  which  is  expected  to  be  a 
relatively  low-temperature  region  with  the  hydrogen  density  >10’ 2  cm*3  (Kane 
and  Donnelly.  1971;  Hudson,  1972).  Thus,  if  the  energy  is  transported  primarily 
by  energetic  electrons,  the  deduced  parameters  ate  characteristic  of  electrons 
with  energy  10  keV. 

5.7./.  X-Ray,  Radio  Relationship 

Since  the  early  reports  by  Peterson  and  Wincklcr  (1959)  and  Kundu  (1961), 
simultaneous  hard  X-ray  and  microwave  observations  of  impulsive  solar  flares  have 
shown  jhat  these  emissions  arc  generally  well  correlated  in  time  and  occur  in 
coincidence  with  other  impulsive  (flash-phase)  emissions  (Arnoldy  el  cl.,  1968; 
Kane.  1972b.  1973'  The  microwave  energy  flux  §r  has  been  found  to  be  approxi¬ 
mately  proportional  to  the  energy  flux  §„  in  high-energy  (>  about  20  keV)  X-rays 
obsc-vcd  at  the  maxima  of  a  large  number  of  X-ray  bursts.  §./§,  — 107,  where 
the  units  for  §v  and  8,  arc  erg  cm*1  s'*  and  10*22  \Vm*2  It/*’  respectively.  No 
direct  relationships  have  been  found  between  the  X-ray  and  microwave  spectral 
distributions,  except  for  individual  events  such  as  tire  August  1972  flares  studied 
by  Benz  (1977).  As  for  other  observational  characteristics,  the  data  of  X-ray 
polarization  and  spatial  distributions  arc  too  sparse  to  support  any  general  con¬ 
clusions  in  relation  to  radio  spectra. 

In  a  study  of  a  special  class  of  burst  made  by  DanncII  ct  al.,  (1978),  hard 
X-ray  bursts  with  a  relatively  simple  time  structure  were  selected  from  the  obser¬ 
vations  obtained  with  the  OSO-5  X-ray  spectrometer,  lhcse  data  confirm  the  lime- 
intensity  correlations  reported  by  Kane  (1973,  197-la)  and  exhibit  a  symmetric 
Structure  in  the  rise  and  fail  of  the  X-ray  emission.  U-bursls  preceded  most  of  the 
simple  X-ray  spike  bursts  for  which  meterwave  radiation  was  reported.  Type  V 
and  Type  II  hursts  were  also  common  in  these  events.  A  variable  delay  of  the 
microwave  peak  with  respect  to  the  X-ray  peak  emission  and  a  longer  microwave 
fall  time  compared  to  the  X-ray  fall  time  were  found  in  these  events.  The  most 
probable  value  of  the  delay  for  10  GH/  was  2  seconds,  as  seen,  for  example,  in 
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Figuie  5.1 1 .  The  peak  microwave  emission  was  found  lo  he  most  strongly  correlated 
with  the  time  integral  of  the  X-iay  emission. 

About  30%  of  microwave  and  hard  X-ray  impulsive  bursts  are  associated  with'-s 
type  III  buists  (Kane,  1972a;  McKenzie,  1972).  M«  .cover,  the  correlation  between 
the  impulsive  hard  X-ray  and  the  Type  III  hursts  tends  to  increase  systematically 
with  the  inciease  in  the  hardness  of  the  X-ray  spectrum  (Kane,  1975).  These 
observations  are  consistent  with  the  suggestion  by  de  lager  and  Kundu  (1963) 
that  only  part  of  the  accelerated  electrons  escape  into  the  corona  and  generate 
Type  III  bursts,  while  other  electrons  move  downward  lo  lower  levels  to  produce 
microwave  and  hard  X-ray  emission. 

Detailed  characteristics  of  the  magnetic  field  topology  and  the  acceleration 
process  probably  determine  the  relationship  between  these  two  electron  popu¬ 
lations.  Further  understanding  of  the  related  processes  requires  measurements 
with  high  spatial  resolution  at  both  microwave  and  hard  X-ray  wavelengths. 
However,  while  positional  measurements  of  microwave-burst  sources  with  spatial 
resolution  of  a  few  arc  seconds  arc  now  being  made  (cf.  Alissandrakis  and  Kundu, 
I97S),  such  data  for  hard  X-ray  bursts  ate  not  yet  available.  I  or  three  flares  studied 
by  Kundu  cl  al.  (1976),  a  comparison  of  the  high-iesolution  microwave  data  and 
the  simultaneous  Skylab  soft  X-ray  data  obtained  with  similar  spatial  resolution 
shows  that  at  the  impulsive  phase  the  soft  X-iay  Hare  kernels  aie  co-spatial  with 
a  part  of  the  microwave-burst  source,  and  that  the  two  co-spatial  sources  have 
angular  si/es  ol  about  5"  arc.  Alternatively,  other  studies  of  the  Skylab  data 
involving  a  much  larger  number  of  events  indicate  that  there  is  no  direct  corre¬ 
lation  between  soft  X-ray  kernels  and  impulsive  phases  of  flares  (Voipahl  etui., 
1975;  Kahlcr  cl  al.,  1976). 

We  now  consider  some  questions  related  to  the  interpretation  of  the  hard 
X-ray,  microwave  relationship.  It  is  generally  accepted  that  the  emission  mechanisms 
lor  the  impulsive  haul  X-ray  and  microwave  emissions  arc  respectively  the 
hremsstiahlung  and  gyrosynchrotion  radiation  from  energetic  (>  about  10  keV) 
electrons  (cf.  Koichak,  1971).  The  principal  questions  lo  be  resolved  arc:  (/)  Is  a 
single  electron  population  responsible  for  both  the  X-iay  and  microwave  emissions? 
(2)  What  is  the  natuic  of  the  electron  distribution  inside  the  radiation  source  (s)- 
thermal  (Maxwellian)  ornontheimal  (non-Max wellian,  e.g.,  power  law)? 

Assuming  that  the  X-iay  and  microwave  emissions  are  emitted  by  the  same 
electron  population,  Peterson  and  Winckicr  (1959)  cal  ulated  a  magnetic  field 
strength  of  about  1000  gauss  for  the  '-''tree  legion.  However,  comparison  of  the 
X-ray  and  microwave  intensities  led  to  the  conclusion  that  only  0.01%  of  the 
microwave  radiation  escaped  from  the  source.  An  alternative  explanation  was  that 
the  microwave-emitting  electrons  were  near  10*  times  fewer  in  number  than  those 
emitting  the  X-rays.  A  possible  resolution  of  this  apparent  “discrepancy”  has 
been  widely  discussed  in  the  literature  (cf.  Takakura,  1973).  Peterson  and  Winckicr 
noted  that  the  microwave  radiation  field  is  lightly  coupled  to  the  emitting  electrons. 
This  speculation  was  confirmed  by  Ramaty  (1969)  with  calculations  of  self- 
absorption  and  the  Razin  effect  applied  to  solar  flares.  Holt  and  Ramaty  (1969) 
reviewed  cailicr  attempts  to  interpret  the  observed  temporal  and  spectral 
characteristics  of  associated  X-ray  and  microwave  bursts,  including  the  work  of 
Kundu  (1961),  Anderson  and  Winckicr  (1962),  Takakura  and  Kai  (1966),  and 
Cline  <7  <;/.  (196S).  With  detailed  calculations  of  electron  bremsstrahlung  and 


gyrosyuchiuii  on  emission  .mil  ahsoipiion,  Holt  and  Ramaiy  showed  lli.il  the  obser¬ 
vations  ol  the  lame  event  in  |uly  1966  .’ie  consistent  with  a  single  sutiice  of 
election'  with  cneigto  Unm  1 00  to  500  ko\  . 

The  thcmv.il  vcisus  mtnihcitti.il  mteipieialion  >'t  the  ehMiott  disiiihiitniti  has 
been  discussed  extensively  in  the  litei.uuie  (il.  \innUI\  cl  al..  l,'i>S1  K.thlci, 
11J75).  An  unambiguous  aitsvvoi  is  not  yet  available.  She  dependence  ol  the  haul 
X-ray  spectiuni  on  the  electron  spec t« inn  is  relatively  simple.  but  the  existing  tlal.t 
cannot  distinguish  between  a  thetntal  and  a  iioittheint.il  election  distiihiilinn.  In 
aihhtion  to  the  piohlents  relating  to  deducing  the  election  spectrum  from  the  haul 
X-ray  spec  mini  observed  with  the  piesently  available  cpeilial  icsolutioti  (tf.  Hrowit, 
|i)7S;  l.in,  1979).  the  detailed  ch.ti.uleiisiicx  ol  the  haul  X-i.ty  MUttce  amt  con- 
tiibcitiott  bom  X-ray  albedo  (Tomblin.  1972;  lleitoux,  1975;  Lanier  and  Petrosian, 
1977;  Bai,  1977)  may  substantially  affect  the  inteipieiation  of  the  X-ray  obser¬ 
vations. 

The  inlet prel.ttion  of  the  microwave  obseivalions  is  ambiguous  became  of  lltc 
competition  between  various  emission  and  nhsi'iptimi  mechanisms  (cf.  Ramaty  and 
Petrosian.  1972).  An  additional  complication  arises  limit  the  dependence  of  gyro- 
synchroitiron  emission  on  the  structure  of  the  magnetic  field  (Takakura.  1973; 
Maulei  1976).  Huts  the  conclusions  di.t\vn  fiom  the  miemwave  spectra  arc 
sitoitgly  model  dependent. 


I  lie  inteipieiation  of  the  microwave  spectia  is  simplci  in  the  optically  thick 
poitioit  ol  the  spectitim,  especially  for  MawvcTlian  disirihulions  of  electrons. 
Assuming  this  to  be  the  case,  using  the  temperature  1 0  h’l  <  60  keV  deduced 
horn  haul  X-ray  obseivalions.  Ciannell  of  al.  (1978)  found  aieas  of  order  10"'  cm7 
lot  the  mioiovvave-otniuing  icgion.  I'cu  homogeneous,  isotiopic  smiues  common  to 
both  X-iay  and  miciowave  emission,  densities  of  oulei  1 0'1  cm”'1  weie  obtained. 

I  lie  s.tlidity  ol  these  assumptions  is  piesumahly  siippoited  by  the  goudcoii  elation 
between  the  aioa  ami  the  duration  of  the  X-ray  btnsis. 

Mat/lor  ci  nl.  (197S)  have  investigated  the  implications  of  the  thermal  model 
based  on  the  above  analyses.  They  assume  that  the  healing  and  cooling  of  the 
plasma  results,  lespcctively,  from  the  adiabatic  compression  anti  expansion.  This 
piedicts  a  simple  iclalionsliip  between  the  tentpei.iuiie  ami  emission  measure: 
I  M  a  ly:,  which  they  find  is  consistent  svitlt  tlieit  nhsei  vat  ions  of  the  1  March 
1970  fl.tic  event  (Tig.  5.12).  The  OSO-7  observations  ol  similar  events,  however, 
tlo  not  follow  this  simple  pattern  (Clean,  1978);  instead,  the  emission  measure 
in  ,t  theint.il  fit  tends  to  increase  turoughout  the  impulsive  phase,  even  when  the 
tempeiaitiie  is  decteasing.  Clearly,  further  obseivalions  and  analysis  are  needed 
m  oulei  to  establish  the  relationship  between  the  emission  measure  and  temperature. 

5. 7.2.  X-Kity,  l.VV  Relationship 

bo  I ai,  most  of  the  studies  of  the  hard  X-ray,  I.UV  lel.itioiiship  have  been  based 
on  the  bio.ul-haml  (10  -10.50  A)  I.UV  me.tsuiemenis  made  via  Sudden  I  icquency 
Deviation  (SI  D)  (Kane  and  Donnelly,  1971;  Donnelly  and  Kane,  1978;  Knislic 
cl  ill.,  1978;  Kane  cl  al.,  1978).  The  studies  by  Donnelly  ami  Kane  indicate  that 
the  maxima  of  'lie  impulsive  haul  X-iay  and  I.UV  emissions  arc  coincident  wi ill 
a  I  s.  Moieovei.  the  I.UV  emission  is  consistent  with  the  pimluciion  by  10  25  kcV 
elections,  moving  ilown  into  the  upper  chuuuospheie  and  pimlucing  a  quasi- 
tlieimal  plasma. 
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A  comparison  of  the  total  energy  of  the  acceleiatcd  electrons,  as  deduced 
fiom  hard  X-ray  emission,  and  the  total  EUV  radiated  energy  indicates  that  there 
may  be  only  a  "partial"  precipitation  of  electrons  in  the  chromosphere,  the  hulk  •-?. 
of  elections  being  confined  to  lower-density  regions  (l.mslie  et  at.,  1978;  Donnelly 
and  Kane,  1978)  as  shown,  for  example,  in  I'ig.  5.10a.  further,  the  efficiency  of 
the  £i U V  emission,  as  determined  by  the  ratio  of  the  energy  radiated  in  F.UV  to 
the  energy  input  to  the  EUV-source  region,  could  be  <1.  A  possible  source 
stiucture,  which  would  give  rise  to  such  a  low  F.UV-emission  efficiency,  is  shown 
m  fig.  5. lUlt.  Donnelly  and  Kane  have  suggested  a  i.uelul  search  lor  impulsive 
radiation  in  the  UV  range,  where  a  substantial  emission  energy  is  expected. 


5.S  MODELS  OF  THE  IMPULSIVE  PHASE 
5.6’.  /.  Classification  of  the  Models 

In  this  section,  we  discuss  models  that  describe  the  impulsive  phase  in  terms  of  the 
behavior  of  energetic  particles,  particularly  electrons,  in  various  magnetic  field 
configurations.  We  consider  the  relationships  of  these  models  to  X-ray,  F.UV,  and 
i.idio  obseivations,  with  special  emphasis  on  the  X-ray  and  radio  observations, 

since  they  desciihe  the  impulsive-phase  pat  tides  more  directly.  I  ig.  5.13  and 

I  able  5.2  give  the  descriptive  parameters  of  such  models.  Here  we  distinguish 
between  "thin-target”  and  "thick-taiget”  brcmsstrahlung  (Koch  and  Mot/,  1959) 
in  the  following  way:  if  the  electrons  lose  a  substantial  fraction  of  their  energy 
to  collisions,  they  radiate  in  a  thick  target;  in  a  thin  target,  they  "escape"  before 
doing  so.  Escape  means  outward  propagation  on  open  field  lines  that  do  not 

connect  back  to  the  sun  close  to  the  flare  site.  According  to  this  definition, 

biemsstrahlung  from  energetic  elections  confined  by  a  magnetic  trap  having  low 
ambient  plasma  density  will  be  termed  thick  target,  even  though  conventionally 
it  is  often  referred  to  as  thin-target  brcmsstrahlung. 

If  the  injection  of  particles  into  the  radiation  region  occurs  continuously,  the 
acceleration  mechanism  operates  throughout  the  duration  of  the  impulsive  burst. 
If  the  injection  occurs  impuLively,  the  observed  X-ray,  EUV,  and  microwave  lime 
variation  must  be  due  to  electron-propagation  effects.  Viable  models  include 
those  in  which  acceleration  coincides  with  the  radiation  of  X-rays  and  microwaves, 
as  well  as  those  (analogous  to  the  terrestrial  aurora)  in  which  the  electrons  stream 
some  distance  before  entering  the  target.  Similarly,  valid  models  may  envision 
either  bulk  heating,  which  cncrgi/es  all  of  the  electrons  in  the  acceleration  region, 
oi  the  production  of  a  nonthcrmal  tail  that  may  include  only  a  small  fraction  of 
the  total  electron  distribution.  We  characterize  the  shape  of  the  electron  energy 
distribution  by  the  terms  thermal  or  nonthcrmal,  referring  to  whether  or  not  the 
distribution  resembles  a  Maxwellian. 

The  models  proposed  so  far  can  be  classified  into  lour  classes:  (/)  thin-target 
models;  (2)  thick-target  models;  (5)  partial-precipitation  models;  and  (•/')  thermal 
models.  In  the  thin-target,  thick-target,  and  precipitation  models  the  hard  X-rays 
are  produced  by  biemsstrahlung  of  accelerated  electrons  with  ambient  ions,  while 
in  the  theimal  models  both  electrons  and  ions  are  heated  to  high  temperatures  and 
the  theimal  bremsstiahlung  fiom  this  hot  gas  produces  hard  X-rays.  In  both  cases, 
the  miuowavo  radiation  is  produced  by  the  electrons  through  the  gyrosynchrotron 
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mechanism,  with  sell-absorption  at  longer  wavelengths  giving  rise  to  a  local 
maximum  in  the  range  of  2  to  20  GHz. 

I  he  radio  and  X-ray  observations  provide  the  main  tests  for  the  various  models.  *■** 
The  LUV  emission  provides  an  additional  self-consistency  lest  by  requiring  a 
minimum  total  energy  deposited  in  the  upper  chiomospherc  and  the  transition 
region,  lype  111  radio  bursts,  in  general,  occui  during,  as  well  as  outside,  the  times 
of  impulsive  phase.  However,  the  intense  Type  III  bursts  and/or  those  extending 
into  the  decimetric  wavelength  range  tend  to  occur  primarily  during  the  impulsive 
phase  (Kane,  1975).  These  lype  III  bursts,  as  well  as  the  interplanetary  electrons 
emitted  by  the  sun  (presumably,  then),  must  have  some  relatively  direct  relation¬ 
ship  to  the  energy  release  in  the  impulsive  phase  (cf.  Kane  and  Lin,  1972). 

In  the  following  sections,  we  discuss  the  physical  properties  of  various  models 
and  the  observational  constraints  on  each  of  them,  lire  models  arc  not  complete 
and  self-consistent  since  they  make  no  attempt  to  identify  the  mechanism  of 
particle  acceleration  or  heating.  Chapter  -I  discusses  these  questions  in  detail. 

5.8.2.  Uriel  Description  ol  Models 

A.  i hin-taritei  models.  In  these  models,  energetic  electrons  produce  bremsslrah- 
lung  X-rays  in  a  region  of  relatively  low  ion  density  (<  10'°  ions  cm"3),  the  time 
variation  of  the  X-ray  emission  being  a  signature  ol  the  time  variation  in  the 
electron  acceleration  or  injection  process  (Kane  and  Anderson,  1970;  Kane  and 
Lin,  1972;  Datiowc  and  Lin,  1973).  The  loss  of  radiating  electrons  from  the  source 
is  primarily  caused  by  escape  to  a  much  lower  density  region,  where  the  X-ray 
emission  is  negligibly  small. 

As  far  as  the  X-ray  bromsstrahlung  is  concerned,  thin-target  models  use  the 
energetic  electrons  rather  inefficiently  and,  hence,  tend  to  put  more  stringent 
requirements  on  the  electron  acceleration  process  and  on  the  stability  of  electron 
propagation  against  the  effects  of  possible  reverse  current  (Brown  and  Melrose, 
1977).  Also,  there  is  no  natural  explanation  of  the  hard  X-ray,  EUV  relationship 
in  a  pure  thin-target  model.  On  the  other  hand,  similarity  between  the  hardness 
of  die  electron  spectra  deduced  from  the  X-ray  measurements  and  the  spectral 
hardness  of  the  escaping  electrons  observed  in  the  interplanetary  space  is  con¬ 
sistent  with  a  substantial  fraction  of  the  impulsive  hard  X-ray  emission  being 
produced  as  thin-target  brcmsslrahlung.  Observations  of  impulsive  hard  X-ray 
bursts  from  bchind-the-limb  flares  (Kane  and  Donnelly,  1971;  frost  and  Dennis, 
1971)  arc  also  consistent  with  a  thin-target  source  located  at  an  altitude  of 
>  2  X  104  km  above  the  photosphere. 

U.  I hiek-taryet  models.  In  these  models,  accelerated  electrons  arc  injected  into  a 
region  in  which  they  undergo  substantial  energy  loss  dining  the  course  of  the 
impulsive  event.  These  arc  essentially  the  models  described  by  Kane  (1974a)  and 
have  many  similarities  to  terrestrial  aurora.  If  the  initial  injection  is  into  a  region  of 
relatively  low  density,  the  various  models  of  I  ig.  5.13  and  Table  5.2  arc  realized 
depending  on  the  pitch-angle  distribution  ol  the  electrons  and  the  relative  scale 
heights,  /ic,  of  the  ambient  density  and,  of  magnetic  field  strength  along 
the  loop. 

If  the  pitch  angle  of  electrons  is  large,  or  if  the  result  will  be  the  trap 

models.  In  the  impulsive  trapped  model,  suggested  by  Takakura  and  Kai  (1966) 
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(latei  refined  by  lakakura  and  Scalise,  1970; see  lakakuia.  1974  for  review).  the 
time  scale  lor  injection  of  electrons  is  much  shortei  than  the  duration  of  the  .  _ 
impulsive  phase  of  the  flare.  Historically,  this  work  is  the  lirst  attempt  to  tie  the 
microwave  and  hard  X-ray  observations  togethei  in  a  self-consistent  way.  ibis 
model  predicts  gradual  hardening  of  the  hard  X-ray  spectra,  even  during  the  decay 
phase,  which  is  in  disagreement  with  most  ohseivations  (Kane  and  Anderson, 
1970;  Crannell  ct  ul.,  1978;  Clean,  1978).  Bai  and  Ramaty  (1979)  have,  however, 
lived  a  model  of  this  type  to  explain  the  impulsive  hoists  in  the  August  1972  flare. 

In  the  other  exit  erne  case,  if  the  election  pitch  angle  is  small  and/or  /ie  -f  /i(> , 
the  result  will  be  the  beamed  thick-target  model  whose  X-ray  characteristics  have 
been  calculated  by  Sytovatskii  and  Shmeleva  (1971),  Biown  (1972),  Clwcrt  and 
llaug  (1970,  1971),  and  Petrosian  (197.1),  or  a  model  in  which  electrons  rapidly 
diffuse  from  corona  to  chromosphere  (Hudson.  1972,  1973),  Since  the  new 
electrons  rapidly  penetrate  the  higher  densities  in  the  solar  chromosphere,  they 
lose  their  energy  at  a  lime  scale  much  shorter  than  the  Hate  duration,  so  the 
injection  in  the  model  must  be  continuous.  Clear  ly ,  in  the  extreme  case  of  very 
small  pitch  angles,  little  microwave  i.uiiation  can  be  produced.  In  general, 
characteristics  ol  the  microwave  flux  will  depend  on  details  of  pitch-angle  dis¬ 
tribution  and  lield  geometry. 

The  common  features  of  all  thick-taiget  models  is  that  the  hard  X-ray  energy 
vield  V  of  the  electrons  is  small  and  varies  between  10'*  and  10'“,  depending  on 
the  model  and  spectrum  (for  details  cf.  Petrosian,  1973).  If  l\  and  /v  be, 
respectively,  the  tola!  energy  flux  (erg cm"2)  and  number  flux  (photons  cm'2) 
of  X-rays  >  about  20  keV  observed  at  1  At),  then  the  total  kinetic  energy  rt.  and 
total  number  .V.  of  the  accelerated  elections  >  about  20  kcV  are  given  by 


*  2.8  X  I0:1  ;xetg 

(5.1) 
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=  2.8  X  1027  /s  electrons 
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llius  in  a  "typical"  flare  with  l\~~  10'J  erg  cm'2  and/v~  10*  photons  cm'2, 
there  are  a  total  of  about  1036  electrons  with  a  total  kinetic  energy  of  about 
102<l  erg.  Such  a  high  energy  supplied  to  the  chromospheie  (through  collisions 
with  ambient  electrons)  could  produce  the  secondary  effects,  such  as  I  la,  visible 
continuum,  and  LUV  radiation,  the  evaporation  of  hot  gas  to  create  the  observed 
soft  X-rays,  and  the  formation  of  coronal  transients  such  as  shock  waves. 
Theoretically,  acceleration  of  sir  many  particles  and  pioductinn  of  such  high 
energies  appear  to  be  difficult  (1  loynge/  1976)  unless  there  is  a  bulk  energization. 

In  the  case  of  the  beamed  model,  ihete  is  also  the  piohlem  of  stability  of  the 
electron  current  beam  (Smith,  1975)  which  can  be  overcome  by  a  reverse  curtcnl. 
As  a  result,  a  fraction  of  the  beam  energy  will  be  lost  due  to  ohmic  heating  (Knight 
and  Sturrock,  1977).  This  fraction  will  be  negligible  (and  the  beam  model  valid) 
if  the  density  and  temperature  of  the  ambient  plasma  in  the  flare  region  arc  larger 
than  that  of  the  quiet  corona  and  chromosphere. 

I  urther  difficulty  with  the  beam  model  arc  the  observations  of  impulsive  X-ray 
buists  from  behind-the-limb  events  (Kane  and  Donnelly,  1971;  frost  and  Dennis, 
1971;  McKenzie,  1975;  Roy  and  Datlmve,  1975).  Unless  the  ambient  density  in 
the  flux  tube  along  which  the  beam  is  directed  is  considetably  higher  than  that  in 
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llic  quiet  conditions,  most  of  its  X-ray  radiation  will  occur  deep  in  the  chromo¬ 
sphere,  in  disagreement  with  such  observations.  The  beam  model  is  also  distinguish¬ 
able  from  all  other  models  because  of  the  large  degree  ol  polarization  and  directivity^ 
of  the  resultant  X-ray  flux.  The  presently  available  observations  do  not  have  the 
accuracy  and  sensitivity  necessary  to  test  the  models  on  this  basis. 

C.  Partial-precipitation  models.  Between  the  extremes  of  thin-  and  thick-target 
models  exist  a  host  of  other  models  that  could  be  classified  under  the  partial- 
precipitation  models.  The  characteristics  of  these  will  depend  on  the  relative 
importance  of  the  trapped  and  precipitating  electrons.  Such  models  were  described 
qualitatively  by  Kane  (1974a),  but  a  more  quantitative  analysis  has  been  carried 
out  by  Melrose  and  Brown  (1976).  Clearly,  with  the  added  degree  of  freedom  such 
models  arc  more  flexible.  It  seems  very  likely  that  the  dispersion  in  the  observed 
characteristics  of  the  impulsive  phase  arc  caused  by  variations  in  the  relative 
importance  of  the  trapped  and  beamed  electrons  from  one  flare  to  another.  Recent 
studies  of  the  hard  X-ray,  EUV  relationship  (Emslic  et  ol.,  1978;  Donnelly  and 
Kane,  1978;  Kane  et  at.,  1978),  which  indicate  that  only  a  small  fraction  of  the 
total  electron  energy  is  sufficient  to  explain  the  observed  EUV  emission,  strongly 
favor  the  partial-precipitation  models. 

D.  Thermal  models.  If  the  initial  energy  is  released  in  a  high-density  or  turbulent 
region,  so  that  the  ‘Thcrmalization''  time  for  the  energetic  particles  is  much  shorter 
than  the  duration  of  the  impulsive  phase,  then  a  thermal  radiation  source  would 
result.  A  significant  difference  between  such  thermal  and  thick-target  models  is  in 
the  X-ray  yield.  While  in  the  thick-target  models  the  yield  is  fairly  insensitive  to 
the  details  of  the  models,  in  the  thermal  models  the  hard  X-iay  yield  depends  on 
the  density  n  and  burst  duration  t 

-  n  J— 

Y  "  10'4  cm3  10  s  * 

so  that  for  densities  n>  109  cm-3  the  yield  of  a  thermal  model  is  larger  (and  the 
energy  required  for  production  of  hard  X-rays,  smaller)  than  that  of  thick-target 
models. 

A  low-density,  thermal  (hard  X-ray)  model  could  come  about  by  adiabatic 
compression  (Chubb,  1970)  of  flare  plasma  to  a  high  temperature.  Matzlcr  et  at. 
(1978)  have  investigated  the  implication  of  the  thermal  model  based  on  the  above 
analyses.  The  model  includes  a  common  hard  X-ray  and  microwave  source,  homo¬ 
geneous  and  i50lropic,,with  an  electron  density  of  «c  51 10’  cm-3.  Matzlcr  el  ol. 
find  that  the  adiabatic  compression  predicts  a  simple  relationship  between 
temperature  and  the  emission  measure:  EM  a  TXi,  which  is  consistent  with  their 
observations  (fig.  5.12),  although  other  observations  (Elcan,  1978)  do  not  seem  to 
confirm  their  findings.  The  mechanism  for  compression  and  the  field  configuration 
arc  not  specified,  but  apparently  the  model  requires  a  magnetic  trap  as  in  the  earlier 
models  and  an  additional  confinement  mechanism  (turbulence?)  to  keep  the 
electrons  in  the  trap  during  the  compression. 

A  truly  thermal  model  will  require  approximately  isotropic  compression,  which 
is  difficult  to  obtain.  Moreover,  heating  of  the  plasma  before  the  impulsive  phase  is 
required,  since  if  adiabatic  compression  started  at  coronal  temperatures,  the 
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compiession  would  have  to  change  the  volume  by  an  Unrealistic  factor  of  lO" . 
An  additional  difficulty  with  thermal  models  may  lie  in  the  explanation  of  the  , 
post-burst  phenomenon. 

S.S.3.  Companion  of  Models  with  Obsen-ations 

A  number  of  observational  tests  can  be  applied  to  the  models  described  above.  In 
terms  of  the  observed  radiation  or  phenomena  we  can  look  for  the  following 
characteristics  associated  with  each  model. 

A.  X-rays:  yield,  spectrum,  polarization,  directivity,  time  variation,  spatial 
distribution. 

li.  Microwave:  same  as  A. 

C.  Other  radiation:  Type  111  bursts,  white-light  continuum,  Ha,  EUV,  soft 
X-rays. 

D.  Other  effects:  shock  waves,  coronal  transients,  chromospheric  rarefaction, 
escaping  electrons. 

The  observations  made  so  far  are  inadequate  to  fully  support  or  rule  out  any  one 
model.  This  is  particularly  true  about  the  observations  that  require  high  spatial 
and  spectral  resolution  simultaneously  with  a  high  time  resolution.  The  following 
discussion  should  therefore  be  primarily  regarded  as  an  aid  to  determine  the  future 
observational  and  theoretical  efforts. 

/I.  Haul  X-rays.  The  difference  between  the  X-ray  yields  of  the  various  models 
has  been  described  above.  There  are  no  high  spatial-resolution  observations  of  hard 
X-rays.  We  therefore  consider  here  the  spectrum,  polarization,  directivity,  and 
time  evolution. 

The  hard  X-ray  spectrum  gives  the  most  direct  information  about  the  spectrum 
of  the  high-energy  electrons.  In  simple,  homogeneous  models  a  power-law 
(exponential)  X-ray  spectrum  is  obtained  from  a  power-law  (thermal)  electron 
spectrum.  Existence  of  hard  X-rays  with  "convex”  spectra  (Kane  and  Anderson, 
1970;  lloyng  ft  a!.,  197G;  lilcan,  1978;  Crannell  ft  <//.,  1978)  has  been  used  as 
evidence  for  thermal  models.  Unfortunately,  such  simple  interpretations  arc  not 
war. anted  by  the  existing  observations  because  they  have  very  poor  spectral  reso¬ 
lution  and  no  spatial  resolution.  The  latter  is  very  important  since,  in  principle, 
any  observed  spectium  can  be  fit  to  a  multitemperatuie  theunal  model  or  a  non- 
thcrmal  thick-target  model  with  vatious  breaks  in  the  electron  spectrum.  (The 
terrestrial  aurorae  produce  convex,  hard  X-ray  spectra  Irom  a  purely  nonthcrmal 
election  distribution.) 

Strong  polarization  and  directivity  effects  are  expected  only  in  the  case  of 
beamed  electrons  (Brown,  1973;  Langcr  and  Petrosian,  1977).  At  large  pitch 
angles,  characteristic  of  radio-emitting  electrons,  both  of  these  effects  wash  out. 
Thermal  and  partial-precipitation  models  have  no  intrinsic  polarization  or  directiv¬ 
ity.  Indirect  propagation  (albedo)  reduces  these  effects  in  beamed  models  and 
introduces  a  very  small  residual  polarization  in  isotropic  emitting  models  (Hcnoux, 
1975;  Langcr  and  Petrosian,  1977). 

The  most  recent  X-ray  polarization  measurements  have  not  found  anything  at 
a  level  expected  from  the  beaming  models,  but.  due  to  poor  coverage  and  the 
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difficulty  of  nuking  the  measurements,  the  results  are  not  definitive.  I  he  ccntcr-to- 
limb  variation  of  the  frequency  of  occurrence  (Kane,  1974a;  Datlowc  el  at.,  1977) 
also  docs  not  provide  a  clear  support  for  beamed  electrons,  although  the  ccntcr- 
to-limb  variation  of  the  X-ray  spectral  index  is  not  inconsistent  with  such  models. 

There  has  been  inadequate  analysis  of  time  evolution  of  fluxes,  but  the  results 
deserve  mention,  first  of  all,  there  have  been  various  analyses  indicating  quasi- 
pcriodic  modulation  of  X-ray  and  microwave  fluxes  (Parks  and  Wincklcr,  1971; 
frost,  1969;  Brown  and  Hoyng,  1975;  Lippa,  1978),  the  significance  of  which 
remains  uncertain  because  of  lack  of  spatial  resolution.  It  seems  likely  that  this 
modulation  arises  from  successive  brightening  of  separate  regions  in  the  flare.  The 
idea  of  adiabatic  compression  was  motivated  by  an  observed  correlation  of  rise  and 
fall  times  of  single-spike  impulsive  bursts  and  the  correlation  between  the  X-ray 
flux  and  spectral  index  (Crannell  ct  a!.,  1978;  Mat/ler  ct  a!.,  1978).  However, 
further  observations  are  needed  for  confirmation  of  such  correlations.  In  any  case, 
such  correlations  arc  neither  necessary  for  (nor  unique  to)  the  adiabatic  com¬ 
pression  model,  for  example,  the  time  variation  of  the  X-ray  spectrum  observed 
during  the  4  and  7  August  1972  flares  (lloyng  cl  a/.,  1976;  Ben  1977)  has  been 
interpreted  by  Bai  and  Ramaty  (1978)  in  terms  of  a  nonthc  *  thick-target, 
trap  model,  where  the  density  3  X  10'°  cm"’)  is  substantially  hig.ier  than  that 
in  the  model  by  Mat/ler  cl  al. 

IS.  Microwaves.  The  interpretation  of  microwave  observations  is  more  complicated 
than  the  X-rays  because  (/')  the  magnetic  field  strength  and  geometry  play  as 
significant  a  role  as  the  electron  distribution  in  the  production  of  the  microwave 
fluxes  (Takakura,  1973;  Mat/ler,  1976);  and  {//}  the  microwave,  at  lower  fre¬ 
quencies,  arc  subject  to  various  absorption  and  supression  processes  (Ramaty  and 
Petrosian,  1972).  Most  calculations  of  the  microwave  Dux  expected  from  various 
models  have  been  limited  to  uniform  field  geometries.  This  dearly  is  ui. realistic, 
and  even  the  high  spatial-resolution  microwave  observations  by  Kundu  and 
Alissandrakis  (1977)  demand  inhomogeneous  field  structure.  However,  with  the 
added  free  parameters,  most  probably  all  of  the  models  become  sufficiently  flexible 
to  permit  close  matching  with  observations  (spectrum,  polarization,  directivity, 
yield),  but  no  such  detailed  analyses  have  been  carried  out  for  most  of  the  models. 

High  spatial-resolution  observations  have  the  potential  of  providing  a  good 
test  of  the  models.  For  example,  with  such  observations  one  may  be  able  to 
separate  the  trapped  and  precipitating  components  of  the  partial-precipitation 
models. 

C.  Other  radiation  and  effects.  One  main  strength  of  the  thick-targct  model  lies 
in  its  convenience  for  supplying  secondary  radiation  and  effects  through  the 
collisional  losses  of  the  energetic  electrons.  These  effects  include  the  white-light 
continuum  (Hudson,  1972,  1973),  CUV  radiation  (Kane  and  Donnelly,  1971) 
and  ‘'chromospheric  rarefaction”  (Ncupcrt,  1968;  Brown,  1973;  Hudson  and 
Ohki,  1972),  and  the  simulation  of  shock  waves  (Lin  and  Hudson,  1976).  Kane 
and  Donnelly  (1971)  observed  a  strong  longitude  dependence  of  CUV  to  hard 
X-ray  flux  ratio  that  places  most  collisional  losses  relatively  deep  in  the  solar 
atmosphere,  especially  for  near  20  kcV  electrons  (Donnelly  and  Kane,  1978). 
Recent  studies  (Brown  et  a!.,  197S;  Cmslie  ct  a!.,  1978;  Donnelly  and  Kane,  1978) 


have  argued  that  a  beamed  thick-target  model  will  produce  too  much  energy 
deposition  and  hence  much  more  Ha  line  and  EUV  emissions  than  arc  actually 
observed.  No  predictions  have  been  made  in  regard  to  these  phenomena  in  thermal 
models.  Explanation  of  the  close  temporal  relationship  between  hard  X-ray  and 
EUV  emissions  could  turn  out  to  be  a  major  difficulty  for  the  thermal  models. 


5.9  SOME  ANSWERS  10  KEY  QUESTIONS 

We  now  attempt  to  answer  the  three  key  questions  formulated  in  Section  5.2. 

/.  Although  the  temporal  relationship  (retween  different  kinds  of  emissions 
is  now  fairly  well  established,  the  interpretation  of  that  relationship  in  terms  or 
a  physical  modei  of  the  impulsive  phase  is  far  from  clear.  Inadequate  spatial  and 
spectral  resolution  and  the  absence  of  good  measurements  of  polarization  and 
directivity  of  the  hard  X-tay  emission  cause  large  ambiguity  in  the  deduced  energy 
distribution  of  the  energetic  electrons.  This  makes  the  estimates  of  the  total  energy 
and  number  of  the  energetic  electrons  depend  critically  on  the  assumed  model  of 
the  hard  X-ray  source.  The  present  observations  arc  therefore  unable  to  answer 
unambiguously  whether  the  electron  distribution  is  thermal  or  nonthermal. 

2.  Before  we  can  analyze  the  observations,  we  have  to  assume  the  nature  of  the 
electron  distribution.  If  we  assume  that  the  electron  distribution  is  nonthermal 
(e.g..  a  power  law),  then  it  invariably  turns  out  that  the  total  energy  of  electrons 
>  about  20  keV  deduced  from  the  impulsive  hard  X-ray  observations  is  comparable 
to,  or  greater  than,  the  total  energy  required  for  the  post-impulsivc-phasc 
phenomena,  such  as  thermal  soft  X-ray  emission,  mass  motions,  particle  acceleration, 
etc.  This  in  turn  requires  that  the  energy  conversion  into  accelerated  particles  be 
-  100%  efficient.  On  the  other  hand,  if  we  assume  that  the  electron  distribution  is 
thermal,  then  the  total  energy  of  the  electrons  deduced  front  the  impulsive  hard 
X-ray  observation  is  substantially  less  than  the  total  energy  required  for  the  gradual 
phase.  The  energy  conversion  efficiency  implied  in  this  ease  is  accordingly  smaller, 
thus,  it  is  not  possible  at  this  time  to  state  unambiguously  whether  the  energetic 
particles  (electrons)  produced  during  the  impulsive  phase  provide  the  energy 
necessary  for  most  of  the  flare.  It  is  fairly  certain,  however,  that  these  electrons 
have  enough  energy  to  produce  all  the  impulsive-phase  emissions.  Also  energy 
release,  at  a  lower  rate,  probably  occurs  both  before  and  after  the  impulsive  phase. 

3.  Since  the  distribution  and  total  energy  of  the  energetic  electrons  accelerated 
during  the  impulsive  phase  arc  not  unambiguously  known,  it  is  not  surprising  that 
many  different  models  claim  to  provide  an  accurate  description  of  the  impulsive 
phase.  The  two  key  parameters,  viz.  the  efficiency  and  time  constant  of  the 
acceleration  process,  arc  not  known  at  the  present  time.  The  time  constant  is  not 
known  because  of  the  inadequate  time  resolution  of  the  hard  X-ray  observations. 
A  review  of  the  impulsive  hard  X-ray  and  Type  III  radio-hurst  data  suggests  that 
the  basic  lime  constant  of  the  electron  acceleration  process  could  he  less  than  or 
about  equal  to  0.1  s.  In  —  30%'  of  all  impulsive  flares,  a  small  fraction  of  the 
energetic  electrons  escape  into  the  outer  corona.  When  these  characteristics  arc 
combined  with  the  hard  X-ray,  EUV  relationship  and  the  "embedded"  nature  of 
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the  impulsive  EUV  sources,  it  appears  that  models  permitting  at  least  partial  pre¬ 
cipitation  of  electrons  arc  to  he  preferred.  Models  involving  acceleration  ol 
electrons  at  smalt  pitch  angles  inside  a  closed  magnetic  loop  that  permits  free  move- 
sent  ol  elections  along  the  field  lines  hut  inhibits  the  electron  escape  from  the  loop 
almost  completely  are  not  likely  to  represent  the  true  characteristics  of  the  impulsive 
phase.  Simitai  comments  apply  to  models  involving  adiabatic  compression.  The 
existence  of  sc'xij  point  sources  inside  the  main  emission  rcgiisn  and  the  successive 
brightening  ol  the  different  pilin'  sources,  as  indicated  by  radio,  optical,  and  EUV 
observations,  suggests  a  filamentaiv  suuctuir  in  the  election  acceleration/ 
propagation  region. 


5.10  rUTURI:  WORK 

It  is  dear  from  the  discussion  in  the  preceding  sections  that  our  under  standing  of 
the  impulsive  phase  has  increased  substantially  dining  the  last  decade,  especially 
with  regard  to  the  quantitative  interrelationship  lieuvccn  the  different  impulsive- 
phase  emissions.  Although  the  Skylah  observations  could  not  contribute  directly 
to  this  progress,  the  Skylab  program  did  encourage  new  work  and  new  approaches 
in  the  studies  of  this  phenomenon.  A  great  deal,  however,  remains  to  be  done. 
We  give  below  some  of  the  observations  and  theoretical  studies  that  must  be 
pursued  during  the  coming  years. 

5.10.1.  Future  Observation 

In  view  of  the  rapid  time  variations  and  probably  very  small  spatial  extent  of  the 
radiating  sources  present  during  the  impulsive  phase,  high  temporal  (<  about  0.1  s) 
and  spatial  ('  1  arcscc)  resolution  should  be  emphasized  in  all  future  measure¬ 
ments.  The  other  parameter  to  be  emphasized  is  high  spectral  resolution  so  that 
basic  parameters  such  as  velocities  and  temperatures  in  emission  sources  Can  be 
deduced. 

In  ihc  EUV,  UV,  optical,  and  radio  wavelength  regions,  high  spatial  ar.d  spectral 
resolutions  arc  currently  available,  or  soon  will  l>c.  Ihc  piincipal  aim  in  these  wave¬ 
length  regions  is  therefore  to  achieve  a  high  time  resolution  (<0-l  $). 

On  the  other  hand,  the  hard  X-ray  measurements  have  suffered  from  the  lack  of 
spatial  resolution  and  also  poor  spectral  resolution.  Even  the  time  resolution  of 
the  past  measurements,  which  was  often  about  or  >  1  s,  was  adequate  only  to 
identify  the  impulsive  phase.  Good,  hard  X-ray  measurements  arc  particularly 
important  because  they  are  used  to  deduce  the  basic  quantities,  such  as  total 
number,  energy,  and  distribution  of  the  energetic  electrons.  Most  current  models 
of  the  impulsive  phase  utilize  the  energetic  electrons  to  provide  the  necessary 
energy  to  the  impulsive  X-ray,  EUV,  UV,  optical,  and  radio  emission  sources  and 
even  attempt  to  provide  the  energy  required  for  the  entire  solar  flare.  Thus, 
adequate  tests  of  the  different  models  arc  not  possible  until  satisfactory  hard  X-ray 
measurements  arc  available.  Specifically  at  photon  energies  >  20  kcV,  the  X-ray 
spectrum  (resolution  ~1  kcV}  and  polarization  (sensitivity  ~0.1%)  need  to  be 
measured  with  a  spatial  resolution  of  ~  1  arcscc  and  a  time  resolution  of  <  0.1  s. 
In  addition,  observations  of  the  directivity  of  the  X-ray  emission  made  simultaneously 
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will)  two  hi  mou*  sp.nai.ill  separated  widely  in  miI.ii  longitude  ‘nil  li.iv’ .1 
sensitivity  ol  about  1%  and  time  resolution  ol  a  second  aie  lequired  to  lest  the 
ptesence  01  electron  beams  in  the  X-ray  source. 

if  then*  is  one  lesson  to  be  learned  from  past  experience,  it  is  not  to  push  obser¬ 
vations  of  one  wavelength  range  at  the  cost  of  the  othei.  Our  hope  of  solving  the 
impulsive-phase  pioblem  lies  in  a  coherent  progiam  of  obsei  vations  at  a  wide  range 
ol  wavelengths  made  with  a  conipaiable  spatial  and  temporal  resolution. 

5.10.1  I  tilim  1 1  won’t  it  a!  It’o/A- 

I  he  basic  nee'1  in  all  of  the  viable  models  of  the  impulsive  phase  (those  in  Table  5.2) 
lies  in  lealistic  numerical  modeling  and  comparison  with  observations.  Some  work  is 
already  in  pi  ogress  (cf.  Smith  and  Lilliet|tiist,  1978).  At  present,  the  microwave 
data  provide  the  most  interesting  information  and  have  the  smallest  degree  of 
model  exploitation.  Only  the  impulsive-trap  model  (Takakura  and  Kai,  196G)  has 
received  a  thoiough  analysis. 

Seseial  important  related  effects  have  not  been  studied  in  any  detailed  model: 
the  generation  of  Type  II  hoists,  the  pioduction  of  corona!  transient  and  inter- 
planciaiy  shock  waves,  and  the  relationship  between  the  soft  and  hard  X-ray 
sources.  Much  ol  this  woik  probably  awaits  the  present  development  ol  elaborate 
computet  models  that  include  enough  physics  to  be  realistic;  this  work  is  com¬ 
plicated,  but  probably  feasible. 
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